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FOREWORD \ 

Tim€f and its measurement is, simultaneously, very familiar an(? very mystWioug. I suspect we- 
all believe that the readings of our clocks and wutclies are somehov^ related to the sun's'position. 
However, as science and;technology developed, this relationship has come to be determined by a 
very complex system involving-^just to name a few — astronomers, physicists, electronic engineers, 
and statisticians. And because .time is both activelj^ and precisely coordinated among all of * the 
technologically advanced nj^tions of the v^orld, international orgiiiiizations are also involved. The 
standard time-of-day radio broadcasts of all countries are controlled to at least 1/1000 of a secon(J^ 
of each other; most time services, in fact, are conti;x)lled v^ithin a very few millionths of a second ! 

The National -Bureau of Standards (NBS) mouniir^a major effort in developing and maintaining 
standards for time. and frequency. This effort tends to be highly sophisticated and perhaps eyen 
esoteric at times. Of course, most of the publications generated appear in technical journals aimed 
at^specialized, technically sophisticated audiences. 

I have long' been convinced, however, that it is very importiRt to provide a descriptive book, 
addressed to a much wider audience, on the subject of time. There are many reasons for this, and 
"^I will give two. First, it is — very .simply — a fascinating subject. Again, we often have occasion to 
explain' the NBS time program to interested people who do not have a technic^iJhbackground, and 
such a book ,wx)uld be an effioient and — hopefully — interesting means Nif informing them. Finally, 
this book realizes a long-standing personal desire ta see a factual and>el^understandable book 
on the subjectof time. , . 



James A. Barjies* 
May. 6, 1977 



Preparation of .tbi« docunnWt.yat aupported in part hy the 18t2nd Electronic Engineerine Group, CVDCS Diviiion, Air Forc« Communications 
Service. / . ^ 
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. ^ PREFACE AND ACKNOWLEDGMENTS 

This is a book for laymen. lib offers an introdRctioBj.(iJime,Jirnekeeping, and the uses of time informa- 
tion, especially jn. the j}dentificJand-tcclimcal. areas. It is impossible "to considei^time and timekeeping with- 
out induding historical and phfilosophical aspects of the ^subject, rbut we have nwrely dabbled in these. We 
hope historians and philosophe/'s will f»orgive our shallow coverage of their important contributions to man's 
understanding of time, and that scientists will be forbearing; toward oiiu. simplified account of scientific 
^thought- on time in the interest of presenting a reasonably complete viOw^n a limited number of pages. 
Time is an essential comt^pnent in .most disciplines of science ranging f roiti .asfctonomy to miclear physics. 
It is also a practical necessity in managing ouivWeryday Uves^ in such obvious ways as getting to work 
on timt, and Jn countless ways that m^jst p>)rsons have never realized, as^e shall Seie. . * 

Because of the many associations of time, we have introduced a cew^n 'uniformity of'language and defi- 
nition which the specialist will" realize is somewhat foreign td^his pc%i'ticular field. This compromise seemed 
. necessary in a book directed to the general reader. Today the UniteSSstates and aome paj'ts of the rest of 
the world are in the process of converting to the metric system of meas]irement, "^vhich we. use in this book. 
We have also used the American definitions of billion and trillion; thus*^ billion means 1000 million, and a 
trillion means 100(/ billjon. 7 ^ ^ " 

Several sections' in this book^the *'asides" printed over a light blue background-^are included for the 
reader who wishes, to explore a little more fully a particular subject area. These may ba safely ignored; how- 
ever^ by the rfeader who wishes to move on to the next major topic, since, understanding the book^does not 
depend upon reading these- more "in-depth'l sections, f ^ v " 
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cast out or rewritten. Critical and constructive comments from niany others also helped to extend and 
clarify many of the concepts presented. Among these are Roger E. Beehler, Jo Emery^ Helmut Hellwig, 
.Sandra Howe, Howland Fowler, Stephin Jarvis, ^bbert Mahler, David RGssell, and Collier Smith— all mem- 
bers of/the National Bureau of StandaVds staff. Thanks go also to John Hall and William Klepczynski' of 
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• It's present everywhere, but occupies no 
spack^^ '„ 

• We cari measure it, ; but we- can't see it, 
" . Dpuch it, getrrH^d of it, or put rt in a con- 
\]-.,.talner.; . : ■ - v ■ - : 

• Evbryorie' knows wHat It Is -^nd usesjt 
' every Vd^y, but ho one has. been able 'to 
/ define it. ' " . - / 

. We.,can spend It, sdve It, waste It, or kill it, 
but we can'l^c^etroy it or even change It, 
and there's nevej^any^ nrore or less of It. ' 



OF COURSE we" USE 
EVERY DAyt BUT U/HAT 
SIT? 




^ All of these statements apply to time. Is it any wgnder, ihat 
scientists Jike Newtbn, DesCartes, and Einstein spent j^ears stfi^dy- 
ing, th^nKinlr about, arguing over, and trying to define ^hhe^nd 
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still were not satisfied with their answers? Today's scientists have 
done no better. The riddle of time: continues to baffle, perplex, fas- 
cinate, and challenge. Pragmatic physicists cannot help becoming 
philosophical— even tnetaphysical — when" they start pursuing the 
elusive concepts^of time. 

.,.,^_JMuch has been written ^of a scholarly and philosophical 
nature. But time plays , a vital and practical role in the everyday 
Hves of us all,, and it is this practical role which we shall explore 
in this book. 

THE NATURE OF TIME 

Time is a necessary component of many mathematical formu- 
las and physical functions. It is one of several basic .quantitiee 
from which most physical measurement systems- are derive JL 
Others are length, temperature, and mass. Yet tiine is unlikf 
length or mass or temperature in several ways. For instai^e — 

• We can see distance and we feel weight . ... 
and temperature, but time cannot be ap- ' 
preh6nded by any of the physical senses. ^ 
We cannot see, hear, feel, smell. Or taste 

. time. We know it only through ^pnscious- 
ness, or through observing Its effects. 

• Time "passes," and It moves In only one 
direction. We can travel from New York 

^ to San Frapclsco or from San Francisco to * 
New York, moving "forward" i§ either 
case. We can weigh the grain produced on 
an acre of land, beginning at any point, 
arid progressing with any measure "'next*" 
But when we think of time. In even the 
crudest terms, we must always think of it 
as now, before now, and after now. We 
cannot do anything in either^ltie past or 
the future — only "now." 

• "Now" is constantly changing. We can buy 
a good one-foot ruleir Or meter-stick, or a 
one-gram weight, or even a thermometer, 
put it avyay in a drawer or cal3jnet, and 
use it whenever we wish. We can forget It 
between uses— for a day or a week or ten ^ 
years — and find it as useful when we bring 

it out as when we put it away. But a 
"clock" — the "measuring "Stick" for time — 
is useful only if it is kept "running." If we ' 
put it away in a drawer and forget It, and 
it "stops," it becomes useless until it is 
"started" again,* and "reset" from informa- 
tion available onlyJrom another clock. 

• We can write a postcard to a friend and 
. ask him how long his golf clubs are or 

how much his bowling ball weighs, and 
\ the answer he sends on another postcard 



gJves us useful information. But if "we write 
al^d ask^Kirb what time it is — and he goes- 
to great pains to get an accurate answer, 
which he writes on another postcard — well, 
obviously before he writes it down, his in- 
formation is no longeV valid or useful. 



This fleeting and unstable nature of time makes its measure- 
ment a much more complex operation than the measurement of 
length or mass or temperature. 

WHAT IS TIME? \ ' 

Time is a physical quantity that can be observed arid meas- 
ured with a clock of mechanical, electrical, or other physical 
nature. Dictionary definitions bring out some interesting points: 

• time — A nonspatial continuum in which 
events occur in apparently irreversible suct 
cession from past through present to the 
future. An interval separatihg two points on 
this' continuum, measured essentially by 

. selecting a regularly recurring event, such 
as the sunrise, and counting the number of • 
its recurrences during the interval of 
duration. 

American Heritage Dictionary 

• time — 1. The period durirtg which an 
action, process, etc. continues; measured 
or measurable duration v ... 7. A definite 
moment, hour, day, or* year, as indicated 

' or- fixed by the clock or calendar. ! 

Webster's New* Collegiate Dictionary 

At least part of the trouble in agreeing on what time is lies in 
the use of the single word time td denote two distinct concepts. 
The first is date or when an event happens. The other is time . 
interval, or the ''length" of time between two events. This distinc- 
tion is important, and is basic to the problems involved in meas- 
uring time. We shall have a great deal to say about it. 

DATE, TIME INTERVAL, AND SYNCHRONIZATION 

^ We obtain the date of an ev^nt by counting the number of 
cycles, and fractions of xiycles, of periodic events, such as the sun 
as it appears in the sky and the earth's movement around the'sun, 
beginning at some agreed-upon starting point, The date of an event 
'mi^ht be 13 February 1976, 14h, 35m, 37.27s; h, and s denote 
hours, minutes, and seconds; the 14th hour, on a 24-hour clock, 
would be two o'clock in the afternoon. 

In the. United States literature on navigation, satellite track- 
ing, and geodesy, the word ''epoch" is sometimes used in a similiar 
sense to the word "date." But there is considerable ambiguity in 
the word ''epoch/' and we prefer the term "date," the precise 
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meaning of which is neither ambiguous nor in conflict with other, 
more popular uses. , 

Time interval may or may not be associated with a specific 
date. A' person timing the movement of a horse around a race- 
track, for example, is concerned with the minutes, seconds, and 
fractions of a second between the moment the horse leaves the ga^e 

. and the moment it crosses the finish line. The-(ia#e is of intefest 
onlySif he must have the horse at a particiJlar track at a certain 
hour 6n a certain d^.: ^ ' 

Time interval is of vital importance to synchronization, whiSh 
means literally^^timing togeMT^ T\yo military units that expect 
to be separated by several ki^Kg^s may wish to surprise the en- 
emy by attacking at the same UPlent from opposite s^des. So before 

^ parting, men from the two units syn-chronize their watches. Two 
persons who wish to' communicate with each other may not be crit- 
ically interested in the date of, their communication, di* even in 

^ how long their conununication lasts. But unless ftieir equif)ment is 
precisely synchronized, their messages will He garbled. Many 
sophisticated electronic communications §ystems, navigation sys- 
tems, and proposed aircraft collision-avoidance systems have little 
concern with accurate dates; -but they depend for their very exist- 
ence on extremely accurate synchronization. 

The problem of synchronizing two or ^ore time-measuring 
devices— getting them to "measure time interval accurately and 
together, very precisely, to th^ thousandth or millionth of a second 

^ — presents a continuing challenge to electronic technology. 




ANCIENT CLOCK WATCHERS 

Among the most fascinating remains of many ancient civiliza- 
tions their elaborate time-watching devices. Great stone struc- 
tures like Stonehenge, in Southern England, and the 4,000-year-old 
passage grave of Newgraoge, near Dublin, Ireland, that have chal- 
lenged anthropologists ^nd archaeologists for centuries, have 
proved to be observatories for watching the movement of heavenly 
bodies. Antedating writing within the culture, often by centuries. 



these crude clocks and calendars "were developed by primitive peo- 
. pies on all parts of our globe. Maya and Aztec cultures developed 
elaborate calendars in Central and North America. And even today 
scientists are finding .new evidence that stones laid out in forma- 
tion on our own western plains, such as the Medicine Wheel in 
northern Wyoming, formerly thought to have only a religious pur- 
pose, are actually large clocks. Of course they had religious signifi- 
cance, also, for the cycles of life — -the rise and falj of the>ttdes, and 
the coming and going of the seasons— powers that literally con- 
trolled the lives of primitive peoples as they do our %\\Ti, naturally 
evoked a sense of nlystery and inspired awe knd worship. 

Astronomy and time — so obviously beyond the influence or 
control of man, so obviously much older thtin anything the oldest 
man in the tribe could remember and as nearly "eternal" as any- 
thing the human mind can comprehend — were of great concern to 
ancient peoples everywhere. " ' 

CLOCKS ik NATURE 

'•'The movements of the sun, _ moon, and stars are easy to 
observe, and one can hardly escape being conscious of them. But of ' 
course there are countless other cycles and rhythms going on 
around us — and inside of us — all tKe time. Biologists, botanists, 
and, other life scientists study but do not yet fully understand 
many "built in" clocks that regulate basic life processes — from 
periods -of aiiimal gestation ^nd ripening of grain to jnigrations of 
'birds and fish; from the rhythms of heartbeats and breathing to 

"those of the fertile periods of female animals. These scientists talk 
about "biologicartime," and have written wfiole books about it. 

Geologists also are aware of great cycles, each one covering 
thousands or millions qff years; they speak and write in terms of 
**geologic time." Other scientists have identified quite accurately 

,the rate of decay of atoms of various elements — such as carbon 14, 
for example. So. they are able to tell with considerable dependabil- 
ity the age. of anything fhat contains carbon 14. This includes 
everything that was once alive, such as a' piece of wood'that could ; 
have been a piece of Noah's Ark or the mummified body of a king 
or a pre-Columbian farmer. 
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^ KEEt>ING TRACK OF THE SUN AND MOON 

' . Some of the stone .structures of the earliest clock watchers 

\yere apparently planned for celebrating a single date — rMidsum- 
mer Day, the day of the Summer solstice, when the time from sun^- 

■ - rise to sunset is the longest. It occurs on June 21-22, depending on 

how near the year is to leap year, 'For th4)usands of years, the 

■ - "clock" that consists of the earth and the sun was, sufficient to reg- 
. ulate daily activities. Primitive peoples got up and began their 

— -7 work at sunrise and ceased work at sunset They rested arfd ate 
their main meal about ^noon. They didn't need to know time any 
more accurately than this, 
^ . . . But there were other dates arid anniversaries of interest; and 

in many cultures calendars were developed on the basis of the rev- 
. , • olutions of the sun, the moon, and the seasons, ' . - 

■ 'V If we think of time in terms of cycles of regularly recurring 

events, then we see that timekeeping is basically a system of 
. counting thesi^ cycles. The simplest and most obvious to start with 
>' is days — sunrise to sunrise, or more usefully, noon to noon, since 

the "time" from noon^ to noon is, for most practical purposes, 
always .the same, whereas the hour of sunrise varies much more 
with the season, 

• . • , X -r ■ ; -, ■ ■ . 
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One can' count noon' to noon with very simple equipment-^a 
stick in the sand or an already existing post or tree, or even oi;ie's 
own, shadow. When the shadow points due North— if one is in the 
northern hemisphere — or ,when it is the shortest, the sun . is at its 
zenith, and it is noon. By making marks of a. permanent, or semi- 
permanent nature, or by laying out stones or other objects in a 
preplanned way, one can keep track of and count days. With 
slightly more sophisticated equipment, one can count full moons — 
or months — ^and 'the revolutions of the earth ground the sun, or 
years, ^ - , 

It would have been convenient 'if these cycles* had been 
neatly divisible into one another, but they are not. It takes the 
earth about 365^1 days to complete its cycle, around^ the sun, and 
the moon circles the earth about 13 times in , 364 days. This gave 



earljr astronomers, mathematicians, and, calendar makers some* 
tjftorny problems to work out. 

THINKING BIG AND THINKING SMALL— AN ASIDE ON NUMBERS ^ 

Some scientists, such as geologists and paleontologists, Ihink 
of time in terms of thousands and millions of years. In theijr ver- 
nacular a hundred years more or Iqss is insignificant— too small to 
recognize or tb measure. To other scientists, such as engineers who 
design sophisticated communication systems and navigation sys- 
tems, one or two seconds' variation in a year is intolerable because 
it causes them all sotts of problems. They, think in terms of thou- 
sandths, millionths, and billionths of a second. ^ ' . ' . 

The numbers they use- to express these very small "bi^s" of 

time : are . very large. ^ of a second, for example, is one 

microsecond. ^ of ^^iS^cond is one nanosecond. To keep 

from having to deal with these cumbersome figures* in working out 
mathematical formulas, they use a kind of shorthand, similar to 
that used by mathematicians to express a number multiplied by 
itself several or many times. Instead of w;riting 2x2x2, for 
example, we write 2^, and say, . "two to the third power/' Similarly, 

instead of writing ^ q^^ , or^even .000001, scientists who woyk 

with very small fractions express a millionth as 10^^ meaning 0.1 
multiplied by itself 6 tij^es. A billionth of a; second, 'or nanosecond, 
is expressed as. 10*® second, which is 0.1 multi^jlifed by itself 9 times. 
They say, "ten to the minus nine power." ' . *• - 

A billionth of a second is an alihpst inconceivably^ small bit — 
• nian^ thousands of times smaller than the^'smallest poi^ible "bit"< 
(ifleSfejth or mass that can be measured. We' cannot tnink con- 
cretely about how small a nanosecond is; but to give some idea, the 
injpulses that "trigger" the picture lines on the television screen 
conie, just one at a time, at the rate of 15,750 per second. The 
whole picture "starts over,V traveling left to right, one line-,at a 
time, the 525 lines on the picture tube, 30 times a second. At this 
rate it would take 63,000 nanoseconds* just to trace out one line. 

Millionths- and billionths of a second cannot, of course, bt 
measured with a» mechanical dock at all. But today's ejectrbnic 
devices can count them accurately and display the count in usable, 
meaningful terms. | 

Whether one js counting hours or microseconds, the principle 
is essentially the s^me. It's simply a matter of, diyiding units to be 
^ounted into identical, manageable groups. And since time moves 
"^steadily in a "straight line" and in only one direction, counting the 
swings or ticks of the timer^ — the frequency with which they occur 
—is easier than counting the pellets in a pailful of buckshot, 'for 
example. "Bits" of time, whatever their" size, follow one another' 
single file, like beads on a string; and whether, we're dealing with 
ten large bits — hoiirs, for example — or 200 billion ^small bits, such 



as'Tnicroseconds, all wie need to do is to count them as they pass 
through a "gatel" and keep, track ot the count. 
^ The ''hour'^ hand on a clock divides a day evenly into 12 or 24 
hou^s— depending on how the clock face and works, are designed. 
The '^minute" hand divides tl^e'hour evenly into 60 .minutes, and 
the ''second" hand divides the minute evenly , into 60 seconds. 
I'stop watch", has a finVr divider—^ hand that divides the seconds 
into tenths of a second. ^ ^ , 

When we havi large groups of identical items to count, we 
often find it faster and more convenient to count by tens, dozens, 
hundreds, or some other number. Using the same principle, elec- 
tronic devices can ''count groups of tick^ or oscillations from a fre- 
quency source, add. them together, and display the. results, in 
whatever way one may wish. We may have a device, for example, 
that counts groups of §,192,631,770 oscillations of a cesium-beam 
atomic frequency standard, and sends a special tick each time that 
number:is reached;, the result will be very precisely measured one- 
second intervals between ticks. Or we may want to use much 
smaller bits — microseconds, perhaps. So we set 'our electronic di- 
vider to group counts into millionths of a second, and to display 
them on an oscilloscope. ^ . ' - ' ' 

Electronic counters, dividers, and multipliers make it possible 
for scientists with the necessary equipment to "look at," and to put 
to hundreds of practical uses, very small bits of time, measured, to 
an accuracy of one or two parts in 10"; this is about 1 second in 
3,000 years. 

Days, years, and centuries are, after all, simply units of accu- 
mulated nanoseconds, m^roseconds, and^conds. 




19 



Chapter 



l^WM 3 4 5 6 7 

S~9 10 11 12 13 14 
15 16 17 18 19 20 21 
22 23 24 25 26 27 28 
29 30 31 



EVERYTHING 
SWINGS 



The earth swings around the sun, and the jnoon swings 
around the efirth. The earth, "swings" around its own axis. These 
movements can easily be observed and charted, from almost any 
spot on earth. The observations were and are useful in keeping 
track of time, even though early observers did not understand the 
movements and often were completely wrong about the relation- 
ships of heavjBnly bodies to one another. The "swings" happened - 
with dependable regularity, over countless thousands of years, and 
therefore enabled observers to' predict the seasons, eclipses, and 
other phenomena with great accur*acy, many years in advance. 

When we observe the earth's swing aroui\d its axis, we Sjse 
.only a part of that swing, or an arc, from horizon to horizon, las 
the sun. rises and 3ets. big breakthrough in timekeeping came 
when someone realized that another arc — ^that of a free-swinging 
pendulum — could be harnessed and adjusted, and* its swings - 
counted, to keep track of passing time. Th,e accuracy of the pendu- 
lum clock was far superior to any of the many devices that had ' 
preceded it — water-uilocks, hour glasses, candles, and so- on. Fur- 
thermore,* the pendulum made it possible to "chop up- or refine . 
time into much smaller, measurable bits than had ever been possi- 
ble before; one could measure-^uite roughl^?) to be sure — sejconds 
and even parts of seconds, and this was a great advancement. 

The problem of keeping the pendulum swinging regularly was 
solved at first by a system of cog wheels and an "escapement" that 
had the effect of giving the pendulum a slight push with each 
swing, in much the same way that a child's swing is ke^'t in 
motion by someone pushing it. A weight on a chain kept the 
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. escapement levef pushing the^ pendulum, as it. does today in the 
cuckoo^ocks familiar in many homes. • • ; . , < 

i^ut'then someone thought of another way to keep the pendu- 
lum^ swinging — a wound-up spririg could supply the needed energy 
if there wer^ a way to mal^e thg]''push" from the partially wound 
spring the same as^ ft . was ffdjn a tightly ' wound spring. The 
''fusee"— a cbmplWted mechani^ that was .used for bnly a brief 
period-r-was the answer. \ 
< From this it was' just on^ more step to apply a spring and 
'balance wheel'! system directly to the pinions or cogs that turned 
the hands^.of the clock, and to eliminate the pendulum. The 
"swings^ were all inside the clock, and this saved space and made 
it pos^sible- to keep clocks moving even when they were mcJf&Afc^^* 
ardund or laid on their side. ; ^ \ ^ 

.But some scientists who s^w a need for much more precise" 
tifee measurement than could be achieved by conventional mechan- 
ical devices began looking at other things that swing— or vibrate 
or oscillate — ^things that swing jnueh faster than the humah senses 
can count. The vibrations of a tuning fork; for instance, which, if 
it swings at 440 cy-cles per second,, is "A" ^bove ''Middle C" on our 
music scale. The tiny tuning fork in an electric wrist watch, kept 
swinging^by electric* impulses from a battery, hums along at 360 

-vibrations or "cycles" per second. 

As alternatipg-current electncity became generally available 
at a^liable^j60 Swings or cycles 'per second — or 60 hertz (50 in / 
some areas)^it >vas fairly simple to gear these-swings to the- clock 
face of one of the commonest and most dependable time-pieces we 
have today. For most day-to-day uses, the inexpensive electric wall 
or desk clock driven by electricity from the local power line keeps 

Ztime" adequately. ' \ ■ 

But for some users of precise time ^these^ common measuring 
:s are as clumsy and unsatisfactory as ai'Miter measuring cup 
yould be for a merchant who sells perfume;'by the dram. These 
people need something that cuts time up with swings much faster 
than 60ths or lOOths of a second. The power company itself, to 
supply electricity at a constant 60 hertz, must be able to measure 
swings at a much faster ra^e. "1 . . 

Power jcojnpanies, telephone companies, radit) land television 
.broadcasters, and many other users. of precise time have long 
depended On the swings or vibrations of quartz crystal oscillators, 
activated by an electric current^ to'' divide time intervals into 
megahertz, or millions of cycles per second. The rate at which the. 
crystal oscillates is determined by the thickness — or thinness — ^to 
which, it is ground. Typical frequencies are 2.5 or 5 megah^rt2; 
(MHz)- — million or 5'mjlllon swings per second. 

Incredible as it may seem, it is quite -po'soible to measure 
swings even much faster than this. W^hat swings faster? Atoms do. 
One of the properties of each 'element in -the chemistry Periodic * 
Table' of Elements is, the set of mtes at which its atoms* swing- or 
resonate. A hydrogen atom, for example, has one of its resonant 
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frequencies' at 1,420,405,752 cycles per second, or hertz. A-rubi- 
^iim atom has one at 6,834,682,608 hertz, and a cesium ^tom at 
\y3.92,631,770 hertz. These are some of th6*'atoms most commonly 
.used in" m^^surirfg sticics'for precise titoe— ±he ''atomic clocT^s" 
V maintained by television network igaster. stations, some scientific 
labor^ries, and others. Primary .time standards, such as those 
maintained by the U.S. Naval Observatory or the National Bureau 
of Standards,, are "atomic clocks." ^ . 

^ Ever3rthing savings, and anything* that swings at a constant 
rate cair be used as a* standard for measuring time interval. 

GETTING TIME f^ROM FREQUENCY ^ 

The sun as it appears in the sky — or the "a{)parent sun" — 
crosses the zenith or hijfhest point in. its arq with a "frequency" of 
once a day, and 36514 times a year! A mete onom^^ ticks off. evenly 
spaced intervals of time to help a musician maintain the time or 
tempo of a composition he, is studying. By moving the weight on 
i its pendulum he can slow the metronome's "frequency" or speed it 
up. ' . ' 

Anything that swings evenly can be used to measure time 
interval simply by counting and keeping track of the number of 
swings or ticks — provide^ we know how many swings take place in 
a recognized unit of thne, ^such as a day, an iioui", a minute, or a 
second. In other words, we can measure time intervaPJf we know 
the Jrequency of these swings. A man shut up in a dungeon, where 
he cannot see th^sun, could keep a fairly accurate record ^of pass- 
ing time by .coui^ig his own heartbeat^ — if he knew how many 
times his heart beats in one minute — and if he has nothing to do 
but count an^l Jceep track of the number. . ^ 
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The term frequency is commonly used to describe swings too' 
fast to be counted by the human e^r, and refers to the number of 
swings or cycles {ier secohd^cgjled hertz \ (Hz), aftey Heinrich 
Hertz, who first demonstrated the existence of radio waves. . 

Ifiwe can count and keep track of the cycles .of our swinging 
deviee^we can construct a time interval at feast a4. accurate as the 



22 



device itself— even to millionths or billionths of a^second. Artd'by 
adding these small, identical bits together, we can meai^ifire any 
"length" of? time, from *a fraction of a secon^i to an^hour-^^r a 
week or a month of ia century., ' " ■ 

Of course, the most jprecise and accurate measuring d6vice in 
; ' existence cannot tell us the daie— unless- we have a source to telljus 
when to start couhtin^ the ^winge. But if we know this, and i'Twfe 
l?eep our swinging device ^'running," we can keep track of both 
time interval and date by counting the cycles of our device. ♦ / 

WHAT IS A CLOCK? . . , 

Time "keeping^' is simply a matter of counting cyclejs or units 
of time,, clock is what 4o?S the counting. In a more strict" definjr 
tion, a clpck also keeps track of its count and displays what it Has 
counted. But in ^^oad sense, the earth and the sun are a clock — 
, thie commonest ana^^«is^ancient ,eiock we have, and\he bas^s of all 
^^\)th^r clocks. ' ^ 

Wh^n ancient peoples put a stipk in the^ground to observe the 
movement o^^ili^' shadow from sunrise to sunset, it was fairly easy 
and certainly a natural step to mark off "noon" and other points 
where the' shadow lay at other times -of day — in othier words, to. 
. make a^sundiaL Sundials can* tell the time quite reliably when the 
r sun" is shining. But, of j:ourse, they are of no use ^t all when the > 
sun is not shining. So people made mechanical. devices called clocks 
to interpolate or keep track of time between checks with the sun. 
• The sun was a sort of *'mas"ter "clock" that served as a primary 
tima scale by which thef man-made, secondary clocks were cali- 
brated and adjusted. ^ ^ 

Although some early clocks used theVflow of water or sand to ' 
measure pa'ssing tim^the most satisfactory clocks were those that : 
counted the swings of a pendulum or of a balance wheel. Quite 
recently in the history of timfeeeping, men have developed 
extremely accurate clocks that count' the vibrations of a quartz 
crystal activated by an electric current, or the resonances of atoms 
of selected elements such as rubidium or cesium.^ Since "reading" > 
such a clock requires' counting millions or billions of cyjcles per sec- - 
ond — in contrast jto the relatively slow 24-hour cycle of the earth- 
gun clock — an atomic clock requires much ntore /-sophisticated 
equipment for making its count. But 'given the necessary equip-" 
ment, one can read an atomic 'clock witlj^ ihuch ^greate^) ease, in . 
' much less time, and with many thousand^ of times greater preci- 
sion than he can read the earth-sun clock. * 

A mechanism that simply swings or ticks — a clockwork with, a 
pendulutn, for example, withloiit hands or face— is not, strictly 
speaking, a clock. The swings or. ticks are meaningless, or qmbigio- 
otiSf until we are able to count them and until we establish some 
base from which to start cov/nting. In other words,- until we'hpok 
up '*harids" to keep track of the' count, and put those hands over a .. 
face withi numbers that h^lp us count the ticks knd oscillations and 
make note of the accumulated count, we don't have a useful device. 
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; The familiar 12-hour clock face^^s simply a convenient way. to ' 
ke^p li'ack of the ticks^gg^wish^o count. It serves very well for 
measuring: time interval in -hours, minutes, and' seconds, up to a 
,maximum of 12' hours. ThetJess familiar' 24-hour clock ^f ace. serj^esi ^ 
as ameasure of time int^^l-vat up td^24 hours, Bht neither will tell)' 
us" ansrtljin^ about the day, tnonth, or year, ' - ^ ^ 

THEiARTH-SUN CLOQK ' 

As we have observed, the spin of the earth^on its axis and its 
rotation around the sun provide the ingredients for a clock— a 
, very' fine clock that we. ca:ri fcertainly never gdt along without. • It * 
meets m^uf of the most exacting requirements that the scientific 
community today makes for an acceptable standard : * 
• • ," «• 

^ \l universally ava/lable.-^Aj^^e, ^\r^^ ^ 

anywhere on earth, can readily read and • { / , 
use it. ^ ' 

• It \s reliable. There Is no foreseeable ^ ^ 

possibility that It may stop or ''lose" the 
time, as is possible with all man-made - • " 

clocks. ; . ' ^ ^ 

It has great over-all staFility: On the basis ^ • 
time scale, scientists can predict 
^ings as the hour, minute, and sec- ^ 

sunrise and sunset at any part of * 
5be; eclipses of the sun and moon, 
other time-orienfecj events ^hundreds 
or thousands of years^in advance. 

In addition, it involves no expfense of operation for anyone; 
there is no possibility of international disagreement as to "whcfee" 
sun is the authoritative one^' and no responsibility for keep^fig it 
j*unning or adjusted. ' ^ — 
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Nevertheless, this ancient and honbred timepiece has some 
serioqs^mitati^s. As timeki^eping devices were improved- and 
became more common— and as the study of the earth and the uni- 
verse added facts ?(nd figures to those established by earlier 
observers — it became possible, to measure quite precisely some of 
the phenomena that had long- been known in a general way, or at 
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least susmetcted. Among them was the fact that the ©arth-sirn clock 
not, b^niore precise standards, a very stable timepiece. 

•'ThV iBarth's orbit ' around ^He sun is nof \ 
a perlecf^'circle but is emptlcal; so the ' ^ ^ 
eAtXh travels faster when it;is nearSar th'or^ . ^ ' 
"Sun than when it is farther away. ' ^ . * 

^ .•-The earth's axis is tttjed to the plane cpji- ' / \: ^ 
^ talning itstQ,rbii around the sun. " / 

• The earth spins at an irxegujafj^rate arob 
* . " its axis oi rotation. ^/ / ^ 

• It also wobbles on its ^is. / .»^ 

For all of these reasons the earth^sun clock is pot an accurate 
clock. ,The fijst two facts alone q^use the day, asi measured by a 
.sun dial, to differ from time, as we reckon it today, by about 15 
minutes a. day in:JFebruary and ;Noyember. These enPects are pre- 
dictable and cause no serious problem, but there are alSQ^si^ifi- 
cant, unpredictable variations.' ' 

Gradually, man-made clocks became so much more -stable and 
precise than the earth-sun clock as time scales for measuring short 
time intervals that solar time had to be "corrected." As mechanical 
and electrical tiniepieces became more common and mdre dependa- 
ble, as well as easier to use, nearly everyone looked to them for the 
time and forgot about Jfiie earth-sun clock as the master ; clock. 
People looked at a clocR to see w^at time the sun rose, instead of 
looking at the sunrise to see what time it was. 




; ■ 



CARTOON DELETED FROM THIS PAGE DUE.'TO COPYRIGHT/ RESTRICTIONS, 



METER-STICKS m MEASURE TIME 

If we have to weigh a truckload of sand, a bathroom scale is 
of little use. Nor is it ^f any use for finding out whether a letter 
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will need^one postage stamp or two.- A meterstick is. all right for 
^ measuring <5entimeters;;^unless we want to m6asure a thousand 
teii thousand nieters-^btrt It won't do for measuring accurately the: 
thtckn'ess of an eyeglass lens'' . * . 

Furthermore, if we or/der a boll ^ejof inch in diameterland 
8?%6 inches long-r-and our. supplier has only a me^er-stick, he wiH 
have fo ufee some^rithmetic. before he can fill our' order: His scale 
is different; from ours. Length and m^as& can be chopped up intt)- 
any predetej-n^ined' siz.e fcits anyone wighes. ^dme gjzes-, of course/ 
are easier tB' work witb' than ^hers, and so have come /into 
cbmnion use/^he important poin^ is 'that everyone^ concerned with' 
.the riiea^uj^em^ht^agrees^on wjiat the s'cccfe is to be.vQther^fte a 
liter of tqmato juiee measured, by the.j'uicVprodessor^s scale might 
be quite .different f rom^ the liter of gas0li^e .measured by the oil 
company's Scale. , ^ ' " - \ . ■ > -* 

Timer too, is measured by k scale. Fpr practicalWasons^; t^e 
already existing scale, set by the 'spinning of the earth ^.on iti'4xfs 
:Bnd the rotation erf- the earth around the sun,- provides tjtie basic- 
stale from which others have be^ derived. " ; 

WHATISASTANDAW)^^ • ^ 

We have noted that tt^important thing about measurement is ' 
that tl\ere be -general agreement an exactly what t^he ^cdle is to be, 
aj^^ho^ the Basic umt of * that scale is to be. defined. In mother ' 
words, there must be ag^eQment upon the standard against which' 
all other measurements^ and calculations will be compared. In the"" 
Unitgd States the standard unit for measuring l^gth. is 
the meter. The basic unit for measurement of mass iff the kilogram. 

T?he basic unit for measuring time is the second. The seconc[ 
multiplied ev6nly by 60 . gives us minutes, or by '3600 gives us ' 
hours. The length of days, and even years, is iheasured by tlie 
basic unit of time, the second. Time intervals of less than a second - 
are measured in iOths, IQOths, 1000ths4-on down to billionths of a 
second. . 

Each basic unit of measuremeYit is viery exactly and explicitly " 
defined by international agreement; and then each nation directs a 
government agency to rpake siandarcJ wmfo available to anyone 
who wants th^em. In. our country, the National Bureau qf^tand- 3 
arib (fJBS), a part of the Department of Commerce with head- 
quarters in Gaithersburg,^ Maryland, provides the' primary stand- 
ard references for ultiipate calibration of the many standard 
weights and measures ne^ed for .checking scales in drug and 'gro- 
cery st(^es, the meter^ that measure the gasoline we pump^nto 
Dur cars, the octane of that gasoline, the purity of the gold.in our 
jewelry .ot dental repairs, the strength of the steel used in automo-' 
jile part^^^^jj^hildren's tricycles; and countless other things that 



lave to do wmTthe safety, efficiency, and comfort of our everyday 
Ives, V ■ 

The National Bureau of Standards is 'also responsible for 
naking the second — the standaj-d unit of time interval — available*' 



to many thousand.^ of time users" every where — not only througKout 
the kind, but to ships at sea, planes in the 'air, and even vehi.(^es in 
outer spacef This is a tremendous, challenge, for the standard 
second, unlike the standard meter or kilogram, cmnot be sent- in 
an envelope or box and put on a shelf for futur^^i;eference, but 
mi^st be suppfied constantly, on a ceaseless basis, from moment to 
moment — and even counted upon to give the date, ' 

HOW TIME TELLS US WHERE IN THE WORLD WE ARE 

One of the earliest, most vital, and universal needs for precise 
o time information was — and still is — as a basis for place location. 
Navigators, of ships at sea, planes in the air, and even 'small pleas- 
ure boats private aircraft depend constantly and continuously 
on time infonnation to find out where they are and tq chart their 
course. Many people know this,, in a general way, but Ifew under- 
■^tand how it works, , 




; Primitive man discovered ^long ago t^at the sun and stars 
could aid him in his travels, especially on water where there are no 
familiar "signposts," Early explorers and adventurers in the 
northern hemisphere were particularly fortunate in. having a "pole 
star," the NCrth Star, that appeared to be suspended in the north- 
ern, night sky; it did not rotate or change its position with respect 
to Earth as the other stars did. . . 

These early travelers 'also noticed that^s they traveled north- 
ward, the North Star gradually appeared higher and higher in the 
sky, until it was directly overhead at the North Pole. By meas- 
uring the elevation of the North Star above the horizon, then* a 
navigator could determine his distance from the North Pole — and 
conversely, his distance from the equator. An instrument called a ^ 
sextant helped him measure this elevation very accurately. The 
measurement is usually indicated in degrees- of latitude, ranging 
from 1> degrees latitude at the equator to ^0 degrees of latitude 
at the North Fole, 

Measuring distance and charting a course east or west, how- 
ever, presented a more complex problem because of the earth's^ 
spin. But the problem also provides the key to its solution. 
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For measurements in the easbr^^^est^ direction, the earth's sur- 
face has been divided into lines of longitude, or meridians; one 
complete circuit around the earth equals 360, degrees of longitude, 
and all longitude lines intersect at the North and' South Poles. By 
international agreement, the line of longitude that run's through 
Greenwich, England, has been labeled the zero meridian; and lon- 
gitude is measured east aind west from this meridian to the pofnt 
where the measurements^ Ineet at 180 degrees, on the opposite side 
of the earth from the zero meridian. 

At any point on earth, th^ sun travels across the sky from 
east to west at the rate of 15 degrees in one hour, or one degree in 
four minutes. So if a navigator has a very accurate clock aboard 
his ship — one that can tell }iim very accurately the time at Green- 
wich or the zero median— he can easily figure his longitude. He 
simply gets the time ivhere he is from the sun. For every four 
minutes that his clock, showing Greenwich time, differs from the 
time determined locally from the sun, he is one degree of longitude 
away from Greenwich. 

At night he can get his position by observing the location of 
two or more stars. The method is similar to obtaining latitude 
from the North Star, The difference is that ivhereas the North 
Star appears suspended in the sky, the other stars appear to move 
in circular paths around the North Star. Because o^ this, the navi- 
gator must kn6w the time in order to .find out where he is. If he 
Bs not know the time^ he can read his location with respect to 
stars/ as they "move" around the N-orth Star, but he has no 
iray at all to tell where he is on earth I His navigation charts tell 
the 'positions 'of the stars at any given time at every season' of 
the>^r ; so if he knows the time, he can find out where he is 
simply^^ referring to two or more-stars, and readings his charts. 
The^rinciple of the method is shown in the illustration. For 
. every 3tar in the sky there is a point on the surface 6f the earth 
where the star appears directly .overhead. This is Point A for Star 
#1 and Point B for Star #2 in the illustration. The traveler at 
Point 0 sees Star #1 at some angle from the overhead position. 
But as the illus-tration shows, all travelers standing on the black 
circle will see Star #1 at this same ^ngle. By observing Star #2,. 
the traveler will put himself on another circle of points, the blue 
circle; so his location will be at one of the two intersection points 
of the bl^e and the black circles. * 

• He can look at a third staf ,to cj^ose the correct intersection 
point; or, as is more usually the cai^, he has at least some ideia of 
his location, so that h^an pick the -corre^Juntersection point with- 
out further observation. ■ • 

The theory is simple. The l?ig problem was that until about 
200 years ago, no one was able to make a clock that could keep 
time acqurately at sea. ' - 

BUILDING A CLOCK THAT WOULDN'T GET SEASICK 

"During tjie centuries of exploration of the world that lay 
thousands of miles across uncharted oceans, the need for improved 
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navigatioyi instruments became critical. Ship , building improved, 
and larger, stronger vessels made ocean trade-^as well* as ocean 
warfare — increasingly important. But too often ships laden with 
priceless merchandise were lost at sea, driven off course by storms, 
with the crew unable to find out where they were or to chart a 
course to a safe harbof. / ' 

Navigators had long been able to read their mtitude north of 

. the equator by measuring the angle formed by the horizon and the 
North Star. But east- west navigation was almost entirely a- matter 
of "dead reckoning/' If only" t^ey had a clock aboard that could 1^11 
them the time at Greenwich, England, then it would be easy to find 
their position east or west of the zero meridian. 

It was this crucial need for accurate, dependable clocks aboard 
ships that pushed inventors into developing better and better time- 
pieces. The pendulum clock had been a. real breakthrough, and an 
^^enormous improvement over any timekeeping device made before 

*it. But it was no use at all at sea. The rolling and pitching of the 
ship made the pendulum inoperative. 




In 1713 the British government offered an award of £20,000 
to anyone who could builds a chronometer that would sef^ to 
determine longitude to within 1/2 degree. Among the many crafts- 

^ men who" sought to witt this handsome award was an English clock 
maker named John Harrison, who spent more than 40 years trying 
to meet the specifications. Each model becarne a bit more promis- 

'ing as he found new w^ys to cope with the rollirig sea,*" temperature 
changes that caused intolerable expansion and contraction of deli- 
cate metal springs, and salt spray that corroded everything aboard 
ship. 

When finally he came up with a chronometer that he 
considered nearly perfect, the men of the-'government commission 
were so 'afraid that it might be Jost at sea that they suspended 
testing it untit Harrison had built a second unit identical with the' 
first, to provide a patt^jrn. Finally, in 1761 Harrison's son Wil- 
liam was sent on a yoyage to Jamaica to test the instrument. In 
spite of a severe fitorm that lasted for days and drove the ship far 
off course, the chronometer proved to be amazingly accurate, losing 
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less than 1 minute^ove;jr ^t period of many mopths and making it 
possible for William to determine His longitude at sea within 18 
minutes of arc, or less than % of one degree. Harrison claimed the 
£20,000 award, part of which he had already received, and the 
remainder was paid to him in various amounts over the next two 
years — ^just three years before his death. 

For more than half a cen^tury after Harrison's chronometer 
was accepted, an instrument of similar design — each one built 
entirely by . hand,' of course, by a skilled horologist— was an 
extremely , valuable and valued piece of equipment— one of the most ' • # 

vital items aboard a ship. It needed very careful tending, and the * / 

one whose duty it was to tend it had a serious responsibility, \ . / 

, Today there may be almost as many wrist watches as crew , / 
aboard -an ocear^-going ship-^-many of them ^ts^accurate and / 
dependable as Hamson's Fp-ized chronometer. But the shli>^chron- f 
ometer, built on essentially the same basic principles as Harrison's t 
instrument, is still a most vital piece of the ship's elaborate com- // * 

plement of navigation instruments, • - ^ r 
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EARLY 
MAN-MADE 
CLOCKS AND 
WATCHES 



.^..^^^hree young boys, lured by the-fihe weather on a warm spring 
day, decided to skip school in the afternoon. The problem was 
knowiiig jvhen 'to come home, so that their mothers would think 
thejyv^e merely returning from school. One of the boys had- an 
old alarm (Hock that would *no longer run, and they quickly devised 
a scheme: The boy with the clock set it by a clock at home when he 
left after lunch at. 12 :45. After they met they would take turns as 

^ timeke^p/ej:, counting to 60 and moving the minute hand ahead one 

) minute at a time ! 

Almost immediately two of the boys got into axi argument over 
the rate at which the third was counting*, and he stopped counting ^ 
to^defend his ovm jud^ent. They had "lost" the tim^— crude as 
their system was — before their adventure was begun, and spent 
most of their afternoon alternately ' accusing one another and 
trying to estimate how much time their laiSes in counting had con- 
sumed. ' ' 

"Losing" the time is a constant problem even for timekeepers 
mucl^ore sophisticated than^the boys with their old alarm clock. 
And niplating the- clock so that it will "keep" time accurately, 
even with high-quality equipment, presents 6ven greater chal- 
lenges. We have already discussed some of these difficulties, in 
comparison with the relatively simple keeping of a device for 
measuring length or mass, for example. We've talked about what a 
clock is, and have mentioned briefly several different kinds of 
clocks. Now let's look more specifically at the components common 
to all docker and the features that distinguish one kind of clock 
from another. 
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SAND AND WATER CLOCKS 

The earliest clocks that have survived to the present time 
were built in Egypt. The Egyptians constructed both sundials and 
water clocks. The water clock in its simplest forni consisted of ap 
alabaster hp^i^wide at the top and narrow at the bottom, marked 
on the inside with horizontal ''hour" marks. The bowl was filled 
with water that leaked out through a small hole in the bottom. The 
clock kept fairly uniform time because more, water ran out 
between hour marks when the bowl was full than' when it was 
nearly empty and the water leaked out more slowly. 

The Greeks and Ej^^mans continued to rely on water and sand 
clocks,, and it was nog until sometime between the 8th and 11th 
centuries A.D. that th^ Chinese constructed a clock that had some 
of- the characteristics of later '"mechj^nical" clocks. The Chinese 
''clbckr was still basically a water clock, but the falling water pow- 
ered a water wheel with small cups^ arx-anged at equal intervals 
.around its rim. As a cup filled with water it became heavy enough 
to trip a lever that allowed the next cup to move into place; and 
thus the wheel revolved in steps, keeping track of the time. 

Many variations of the Chinese water clock were constructed, 
and- it had become so popular . by the early 13th century that a spe- 
cial guild for its makers existed in Germany, But aside from the 
fact that the clock did not keep very good time, it also tended to 
freeze in the western Eui^opean iWinter. 

The sand clocks introduced in the 14th century avoided the 
freezing problem. But because of the weight of the sand, they were, 
limited to measuring short intervals of time. One of the chief uses 
of th^hour glass was on ships. Sailors threw overboard a log with 
a long rdp^ attached to it. As the rope played -Qut^ into the ^ater, 
they counted knots tied' into it at equal intervals, 'for a specified 
period of time as determined by the sand ciock. This gave them a 
crude estimate of the speed — or "knots"— at which the ship was 
moving. , . ^ 

MECHANICAL CLOCKS , . 

The first mechanical clock was built probably sometime in the 
14th century. It was powered by a weight attached to a cord 
wrapped around a cylinder. The cylinder in turn was connected to 
a notched wheel, the crown wheel. The crown wheel was con- 
strained to rotate in steps by a ^i^ertical mechanism called a verge 
escapement, which was toppfed by a horizontal iron-ba^r, the foliot,^ 
with movable weights at each end. The foliot was pushed first in 
one direction and the^ the .other by the crown wheel, the teeth of 
whiclt engaged small metal extensions called poZZe^s at the top and 
bottom ^f the crown wheel. Each time the foliot moved back and 
forth, one tooth of the crown wheel was allowed to escape. The 
rate of the clock was ajd justed by^moving the weights in or out- 
along the foliot. 
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Since the clock kept time only to about 15 minutes a 4ay, ;it 
did not need a minute hand. No* two clocks kept the same time 
because the. period was very dependent upon the friction between 
parts, the weight that drove the clock, and the exact rinechanical 
arrangement o-f the parts of the clock. Later in the 15th century^ 
the weight was replaced by a 'spring in some clocks; but this was 
also unsatisfactory because the driving force of the spring dimin- 
ished as the spring unwound. , . , ; 



^The Pendulum Clock ^ 

As long as the perio^l ^of a clock depended primarily (ipon a 
number of complicated factors such as friction between the partfe, 
the' force of the driving weight, or spring,^ and the skill of the 
craftsman who made it, clock production was a chancy alfair; with 
no two ^ clocks showing: the same time, let alqne keeping accurate 
time'.' What was'Yieeded^vas some sort of periodic device .whose fre- 
quency was- esseiitially a property of the device itself and did not. 
'depend primarily on a number of external factors. 

A pendulum is such a device. Galileo is credited with first 
realizing that the pendulum, could be the frequency-determining 
device for a clock. As far as Galileo could teH, the period of the 
pendulum depended upon its length and not on the magnitude of 
the swing or the weight of the mass at the end of the string. X*ater 
work showed that the period does depend slightly upon the magni- 
tude of the swing, but this correction is small as long as the mag- 
nitude of the swing is small. 

. Apparently Galileo did not get around'to building a pendulum 
clock before he died in 1642, leaving this application of the princi- 
ple to the Dutch scientist Christtan Huygens, who built his first 
cl^k in 1656. Huygens\clock was accurate to^n seconds a day — a 
drahiatic improvement over the "f oliot'^ clock. 

The Balance Wheel Clock 

,At the same time that Huygens was developing his pendulum, 
clock, the English scientist Robert Hooke was experimenting with 
the idea of using a straight metal spring tb regulate the 'frequency 
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of a clock. But it was Huygens ^^o, in 1675, first successfully built 
a spring-controlled clock. He used a spiral spring, the derivative of 
which — the ''hair spring" — is still employed in watches today. We 
have alrealdy told the story of Johri Harrison, the Englishman who 
built a clock that made navigation practical. The rhythm of Har- 
rison's chronometer was maintained by the regular coiling and 
uncoiling of a spring. One of Harrison's chronometers gaijned only 
54 seconds during a five-month voyage to Jamaica, or about one- < 
third second per day. ' ^ 

Further Refinements . 

The introduction of the pendulum was a giarit step in the his- 
tory of keeping time. But- nothing material is perfect. Galileo . 
correctly noted that the period of the pendulum depends upon its - 
length; so the| search was on for ways to overcome the expansion 
and contraction of th\ length of the ppndulum caused by changes 
in temperature. Experiments with different material^, and combi- 
nations of pietals greatly improved the situation. ' . * 

But another troublesome problem was that as- the pendulum 
swings back and fortli it encounters friction caused by air drag,, 
and the amount of d^ag changes with- atmospheric pressure. This 
problem can be overcome by putting the pendulum in ^ a vacuum 
chamber; but even with this refinement there are still tiny 
amounts of friction that can never be completely overconle. So it is^ 
always necessary to recharge the pendulum occasionally with 
energy, but the very process of recharging slightly alters the 
period of the pendulum. 

Attempts to overcome all of these difficulties finally led to a 
clock that had two pendulums — ^the "free!' pendulum and th^ , 
"slaVe'' pendulum. The fr^e p§hdulum was the fi^quency-keeping 
device, ^d the slave pendulum' controlled the t^lease of energy* to ' 
the free penduluih and counted its swings. This type of clock kepf : 
time to a few seconds in five years. • 



SCHEMATIC DRAWING 
OF AM EARLY TWO- 
P£K)DULUM CLOC^. 
TH^ SLAVE PBhJOULUM 
r/MfiS THB RBLBAS£ » 
OFEWERcJy VIA AM 
ELECTRIC C/RCt/IT TO 
THE FffEE PEMIXiLUM, 
THUS AVOIDIM^ A 
DIRECT MECHANICAL 
COMMECTION 8ETVVEEM 
THE FREE AND SLAVE 
PEMDLfLUM. 
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THE SEARCH FOR EVEN BETTER CLOCKS 

If we are^ to build a better clock, we need to know more about 
how a clock^s major components contribute to its perforprance. We 
need to understand ''what makes it tiak." So befor^^e begin the 
discussion of today's advanced atomic clocks, let's digress for a 
few pages talk about the. basic components of all clocks and how 
their performance is measured. ^ ^ 

- FrdAi our previous discussipns we can identify three main fea- 
tures of all- clocks : 



We must have som^, deyice^ that will pro- 
1 : ^ duce a "periodic ph&aomenon." We shall 
call this device a resonafor. 

• We mOst sustain the periodic motion by 
feeding energy to the resonator. We shall 
call .the resbnator aqd the energy source, 

. tal<fen together, an osc///afor. 

• We need some means for counting, ac- 
cumulating^ and displaying the ticl<s or 

\ swings of our oscillator— the hands on the 
clock, for example. 

All clocks have these three components in common. 

gAUCET A IS TURNED ON SO IVATER FLOWS THROUe^H MO^E BVAMO 
bRlPSrC) ATTHEI?ATE OF 60 DROPS PER MIKiUTE INTO^UCICET D 
^TTACHeOTO aCAPOe). BUOCEt PiVltf 
ATP MHIsKi IVCI^HT OF 
360TH DROP FALLS CAUSING 

BOM^GIN 00<^ OiSMH 
(ATTACHED TO 8O<M0 E) TO 1 
£AT/SPtJLT A6AIMST CHINESE - * 
i^ONG' I WHICH \Nfi^^S \SP, 
StEEPlfsk^ J VUHO 
RETRIE\/eS SOME G AiOd 
PLACES IT OOG DISH H- 
DO^ J TWEW <50ES 
BACK TO 
SLEEP. 
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An- ideal resonator would be .one; that, given a. single initial 
push,: would run fprever: But of cotfrse this is not possible 
nature; because of friction everything eventually "runs down." A- 
swin^ng pendulum comes to a standstill unless we keep replenish- 
ing its energy to keep it going. - . 

Some resoirkors,';howevlr, are better th,an others, and it is 
useful to have some way of -joidging the relative merit of various 
resonators in terms of how many swings they make, given an ini- 
tial push. One such^^measure is called the "Quality Factor,!' or "Q." 
Q ifl' the! number vf swings a. resonator makes until its; energy 
dimm^hfes to a .few percent of the energy imparted with the Initial 
push, rfthere is\corisidef-able friction, the resonator will die down 
rapidly; so regonatOff'wJth-a lot of frictionA^Jiave a low Q, and vice 
versa. A typical mochaftical ^atch might have a ,Q of 100, whereas 
scientific'clocks have Q's in thelmillions. 

^Qp>^ « eoucat/cIn) 



Q=QUAHTy FACTOR 
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ACCURACY 
STABILITY 



One of. the obvious advantages of ^.high-Q resonator is that 
we don't have to perturb its natural or. resdlmnt^ frequency very 
often vdth injections of energy. But there is. another iipportant 
advantage. A *high-Q resonator woi^^t oscillate at all- unless it is 
swinging at or Qear its natural frequency. This feature is closely 
related ta the accuracy and stability of the resonator. A resonator 
that wop't run* at all unless it i§ n^ar its natural frequency is* 
potentially more adcurate than one tAat could run at a number of 
different 'frequencies. And similarly, if there is a wide range^of 
frequencies over which the resonator can operate, it may wander, 
around within the allowed frequency range, and so will.not be very 
stable. ' 




PARTIAL 
VACUUM 




e 

HIGH 
PRESSURE 

s 



THE RESONANCE CURVE ' 

VVo understand these itnplications* better, we shalMonsMer -the 
results- of some experiments with the device shown in -the sketch. , 
This is simply a woodeft frame enclosing a pendulum. At the top of 

. the pendulum is a round wooden stiqk to which we can attach ^„ the 
pendulums of-ysfrixius lengths shown in the sketch. * ' 

Let's begin by attaching pendulum C to the stick and giving it 
p. push. A little bit of the- swinging motion of C will be transmitted 
to the pendulum in the frame, which we «hall calf S. Since S and C 
have the same length, their resonant fr^qtcencies will be the same. 
This means, that S arid C ^ill swing with the sg^i»e frequency, so 
the swinging energy of, C c4ri' easily be transferred to S. The situa- 
tion/is sjmilar to pushing someone on a playground swing with the 
correct . timing; we are pushing always the swings, and never 
working agaipt them. • \ ^ 

After a. certain in^rvg.1 of time we measure the amplitude of- 
the swings of S, yvhich is also' a measure of the ener^ that has 
been transferred from C io S. The.j^etch shows this measurement 
graphically; thei blue, dot in the middle ^of the graph* gives the 

-resttlt-of this part, of ^ur experiments I ' * 

Now let's repeat the experiment, but this time we'll attach 
pendulum D to the stick. D is slightly longer than«S, so its period 



'<vill be slightly longer., This means that D vdll be p.ushing'S in the 
direction it ''wants to swing part of the time; hut at other times S 
will want, to reverse it^;directioh Ijefore D is ready to reverse. The 
net result,.as shown on our graph by the blue dot above^D, is that 
D cannot transfer: energy as^;easily: as could C. 
, Similarly, if we lFet)e^t thi^ experiment with ^ pendulum E 
attached to the stick, there will Ve even less transference of energy 
. -^to because of E's everts greater length. And as we might antici- 
pate, we obtain ' simflai* /(fiminishirig in energy transfer as we 
attach pendulums of successively;. Cesser length than S. In these 
\ cases, however, will , Want to reverse its direction at k rate less 
^ than that of the shorter pendulums. 

The iresults of all our measurements are shown by the second, • 
br'jmiSdl^, curv§ on'our graph; arid from-now on we shall refer to ^ 
• siich curves asiheresong^nce curve. . 
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WeTwant to repeat these measurements two more times; first* 
with the frame in a pressurized chamber, ^nd second with the 
frame in a partial vacuunu The results of these experiments are 
shown on the graph. As we might expect, the resonance curve 
obtained by doing the experiment undeV pressure is much, flatter 
than that of the experiment performed simply in air. This' is true 
because, at high pressure, the molecules of air are more congested, 
and so the pendulum experiences a greater frictional loss because 
'of air drag. Similarly, when we repeat the experiment in. a partial 
vacuum, we obtain a sharper, more peaked resonance curve > 
because of reduced air drag. 

These experiments point to an important farct for clpck build- 
er^: the smaller the friction or energy loss, the sharper and more 
peaked the resonance curve. Q, we recall, is related to frictional 
losses; the lower the friction for a given resonator, the" higher the 
Q. Tl\us we can say that Taigh-Q resonators have sharply peaked 
resonance curves, and th'at low-Q resonators have low, flat reso- 
nance curves. Or to put it a little differently, the longer it takes a 
resonator to die down, or "decay," given an initial push, the 

sharper its resonance curve. 

■% " - * . . " 

ENERGY BUILD-UP AND THE ftESONANCE CURVE— AN ASIDE ON Q 

Why'^0 resonators 'with a long **decay" time resist running at 
frequencies other than their natural frequency? A pendulum with 
a high Q may swing for, many minutes, or even hour;^, from just a 
single push, whereas a very low-Q pendulum — such as one sus- 
pended in ^ honey — may hardly make it through even one swing 
after an initial push; it would need a»new ptfsh for every swing, 
and woul4 never accumulate enough energy to make more than the 
single swing. 





But if we push the high-Q pendulum occasionally in step with 
its own natural rhythm or frequency, it accumulates or stores up 
the energy impaVted by these pushes. Thus the energy of the pen- 
dulum or oscillator may eventually greatly exceed the energy 
imparted by a single push or injection. We can observe this fact by 
watehing someone jumping on a trampoline. As the jumper 
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matches his muscular rhythm to that of his contact with the tram^ 
poline, it tosses him higher with each jump; he stores up the 
energy he puts into it with each jum^ 

The same principle governs a person swinging on a play- 
ground swing. He ''pumps up" by adding an extra shot of energy 
^.^ just the right moment in the swing's natural rhythm or fre-'" 
quency. When he does this,- the swing carries pver extra energy 
from' his pushes. The rhythm of the swing becomes so strong, in 
fact, that it can resist or "kick back" at the energy source if it 
applies ener^^at the^j^^^^^ anyone who has pushed 

someorie et^e in a swing well knowsV " : 




In just such a way, a high-Q resonator can accumulate Or pile 
up the energy it receives from its "pusher," or oscillatpr. But a 
low^-Q resonator cannot accumulate any appreciable amount of 
energy; instead, th'e energy will constantly "leak out" at about the 
same rate it is being supplied, because of friction. Even though we 
feed the resonator with energy at its natural frequency, the ampli' 
tilde will never build up. On the other hand, if we replenish its 
energy at a rate other than the natural frequency, the resonator 
won't have accumwjlated any appreciable amount of ^nerg^ at its - 
natural frequency io resist pushes at the wrong rate. - 

Thus the shape of the resonance curve is determined by the Q 
of the resonator that is being- pushed or driven by some other 
oscillator, and the transferral of energy from the o^pillator to the 
driven resonator depends ujioh the similarity^ between the natural 
frequency of the resonator and the frequency of the oscillator. 

THE RESONANCE dURVE AND T«E DECAY TIME 

We have already observed that resonators \^ith a high Q or 
long decay time have a sharp resonance curve?. Careful mathemati- 
cal analysis shows that there is an exact .relation between ihe 
decay time and the sharpness of the resonance curve^if the sharp- 
ness is measured in a particular way. This measuremetit is simplv 
the ividth of the resonance curve, in hertz (Hz), aP^he-point • 
where the Height of the curve is half its maximum value. 



To illustrate this principle we have redrawn the two res6- 
napce curves for our resonator in a pressure chamber and in a 
partial vacuum. At the half-energy point of • the high-pressure 
curve, the width is about 10 Hz, whereas fo^- the partial vacuum 
curve the width is about 1 Hz at the half-energ/ point. With this 
measurement of width the math^ni^i4ical analysis shows that the 
width of the resonance curve ^t the half-energy point is jui^t one 
over the decay time of the resonator. As an example, let's suppose 
it takes a particular resonator 10 seconds^ to die dovm or decay. 
Then the widtlf^of its resonance curve at the half-energy point is ^ 
one over 10 sSconds, or 0.1 Hz. , 

We .cai^^nk of the width of the^ curve at the half-energy 
point as indicating how , close the pushes of^the. driving oscillator 
must be to the natural frequency of the resonator before it will 
^respond wi^hsany appreciable vibration. 

ACCURACY, STABILITY,' AND Q 

Two very important concepts to clockmakers are accuracy and 
stability; and, as jwe suggested earlier, both are closely related to 

Q. ' . I ' . 

We can understand the distinction between accuracy and sta- 
bility more clearly by considering a machihe that fills bottles with 
a soft drink. If we study the-^Aachine we might discover that it 
fills each bottle with almost exactly the same amount of liquid, to 
better than o^an ounce.' We would say the filling stability of the 
machine is quite good. But we might also discover that each bottle 
is being filled to only half capacity-^but very precisely,, to half 
capacity from one bottle to the next. .We would* then characterize 
the machine as ha^Ving good stability but poor accuracy. 

However, the situation might be reversed. We might notice 
that a different machine was filling some bottles with an ounce or 
so of extra liquid, and othei^ with an ownce or so less than actually 
desired, but that on the average the correct amount of liquid was 
being used. We could characterize this machine as having poor star 
bility but good accuracy over one day's operation. 

Some resonators have good stability, others have gooA accu- 
racy ; and the best, for clockmakers, must ha^gj^oth. 

High Q and'Accuracy "ji 

We have seen that high-Q resoflators YvweA^g decay times 
and therefore sharp, narrow resonance curves-^^^ich also implies 
that the resonator won't respond yery well to pushes unless they 
\ are at a rate very near its natural or resonant frequency. Or to 
put it differently, a clock with a high-Q resonator essentially won't* 
run at all unless it's running at its resonant frectuency. 
\ Today the second of time is defined in terms of a particular 
resonant frequency of the cesium atom. So if we can b'nild a reson- 
ator whose natural frequency is the^ particular natural frequency 
of 'the cesium atom— and furthermore, if this resonator has an 
extremely high Q — then we have a device that will accurately gen- 
erate the second of time according t6 the definition of the second. 
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High Q and Stability 

We saw that a low-stability bottle-filling machine is one that 
does not reliably fill each bo,ttle<»i^ith the same' amount of liquid. 
And further, that good 'stability does not necessarily mean high 
accuracy. A resonator with a high-Q, narrow-resonance curve will 

. -have good stability because the narrow resonance curve constrains 
the osciHator ^0 run always at a f requency/ear the natural fre- 

-quency-ij| the resonator. We could, however/ have a resonator with 
good stability but whose 'resonance frequency is not according to 
the definition of the second— which is 'the particular natural fre 
quency of the cesium atom.' A clock built from such a resoj^& 
would have good stability but poor accuracy. 

Wailio^'lo Rnd Ihe TIme 

In our discussion of the' bottle-filling.machine we considered 
the case of a machine that did not fill each bottle with the desired 
amount, but that on the average over a day's operation used the 
correct amount of liquid. We said such a machine had poor stabil- 
ity but good accuracy averaged over a day. The same can be said 
of clocks. A ^given clock's frequency may "wander;,around" within 
Its resonance curve so that for a given measurement the frequency 
may be m error. But if we average many such measurements over 
a period of time-^r average the time shown by many different 
clocks at the same time— we can achieve greater accuracy— as- 
suming, of course, that the resonator's natural frequency is the cor- 
rect frequency. 




It would appear thft clock error could be made as small as 
desired if enough measurements were averaged over a long period 
of time. But experience shows that this, is not true. As we first 
begin to average the measurements, we find that the fluctuations in 
frequency do decrease; but then beyond some point the fluctuations 
no longer decrease with averaging, but remain rather constant. 
And finally, with more measurements considered in the averaging- 
the frequency stability begins to grow worse again; . ' , ' 
The reasons that averaging does not improve clock perform- 
ance beyond a certain point are not entirely understood. The phe- 
nomenon's referred to as "flicker" noise and has been observed in 
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other electronic devicefS— and interestingly enough, even in the fluc^ 
tuations of the height of the Nile River. . 

PUSHING Q TO THE LIMIT ^ I 

One may wonder whether there is' any limit to how great Q 
may be. Or in »other words, whether clocks of arbitrarily high 
accuracy' and stability can be constructed. It would appear that 
there is no fundamental reason why Q cannot be arbitrarily high, 
although there' are some . practical considerations that hlftve to be 
Accounted for, especially when Q is very high. We shall consider 
this* question in .more detail later, when we discuss r&onators 
based .upon atomic phenomena; but we can makq some general 
comments here. , 

Extremely high Q nieans that the 'resonance curve is 
extremely narrow, and this fact dictates that the resonator will not 
resonate unless it is being driven by a frequency very near its owf^ 
resonant frequency. But how are we to generate such a driving 
signal with the required frequency? 

The solution is somewhat similar to tuning in a radio station 
— or tuning one stringed instrument to another. We let the fre- 
quency of the driving signal change until we get the maximum 
response from the high-Q resonator. Once the maximal response 
is achieved, we attempt -to maintain the driving sigrSff^at the fre- 
quency that produced this response. In actual practicie this is done 
by using-a "feedback" system of the kind shown in the sketch. 

We haVe a box that contains our high-Q resonator, and we 
feed a signal to it from our (^ther oscillator, whose output fre- 
quency can be varied. If the signal frequency from the oscillator is 
near the resonant frequency of the high-Q resonator^ it will'have 
considerable response and will produce an output signal voltage 
proportional to |ts degree of response. This signal is fed back to 
the oscillator in such a way that it controls the output frequency 
of the resonator. This system will search for that frequency from 
the oscillator which produces the maximum response from the 
high-Q resonator, and then will attempt to maintain that fre- 
quency. ''^ 

On page 41, where we discuss resonators based upon atomic 
phenomena, we shall consider feedback again. With a fair nation 
of what "Q'' is all about and of how it describes the potential sta- 
bility and accuracy of a clock, we ^re in a position to understand a 
number of other concepts introduced later in this book; 
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The two-p^dulum clock — developed in 1921 by William Ham- 
ilton Shortt— squeezed just about the last ounce of perfection out ■ 
of mechanical clocks. If significant gains were to be maSe, a new 
approach was needed. As we shall see, new approaches became 
available because of man's increased understanding of nature — 
particularly in the realms of electricity, magnetism, and the atomic 
structure of matter. In one sense, however, the" new approaches 
were undertaken within the framework of the old principles. Thier 
heart of the clock is today, as it was 200 year a^, some vibrating 
device Vith a period as uniform as possible. V 

Furthermore, the periodic phenomena today, as before, involve 
the conversion of energy, to and fro, between two different forms. 
In the swinging pendulum we have energy being transferred back 
and forth i^epeatedly from the maximum energy of motion — kinetic 
energy— at the bottom of the ^Wng, to energy stored in the pull of 
the earth's gravity— or potential energy— at the top of the swing. 
If the energy does not "leak out" because of friction, the pendulum 
swings back and forth forever, continually, exchanging its energy, 
between the two forms. , 

Energy appears in many forms — kinetic, potential, heat, 
chemical, light ray, electrical, and magnetic fields., In this discus- 
sion we shaljJbe particul^irly interested in the way energy is trans- 
ferred between atoins and surrounding fields of radio and light 
waves. And \ye shall see that resonators based on sufli phenomena 
have achieved Q's in tUe hundreds of millions. 
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THE QUARTZ CLOCK— Q = 10^ ^10^ 

The first big step in a ne\v directimi was taken by the Ameri- 
can scientist Dr. Warren A. Harrison with the aevelopment of the 
quartz crystal clpck in 1929. The resonator of this clocli is based 
upon the so-called "piezoelectric eifect." In a senffe even the quartz 
crystal clock is actually a mechanical cbck because a small piece of, 
qtuartz .crystal vibrates when ah^ alternating electric voltage is- 
applied to it. Or, conversely, if the crystal is made to vibrate it 
ynW generate an oscillatory voitage. These two phenomena together* 
are the piezoelectric eifect. The internal friction of the quartz*crys- 
tal is so very low ^at the Q may range irom 100,000 to 1,000,000, 
It is no wonder that the quartz resonator brought such dramatic 
gains to the krt of building clocks. 

The resonant frequency of the -crystal depends in a compli- 
cated way on how the ciystal is, cut, the size of the crystal, and the 
T)'aTtiX5nlarTeS'(mTTt-fr6q^ is excited in the crystal by the 

driving electric voltage". That is, a particular crystal may operate 
at a number of frequencies in the same way^ that' a violin string 
can vibraterat a number of different frequencies called overtones. 
^The crystaFs vibration may rang^ from a few Jthousarid to many 
millions pf \ycles per second. Gj^ne^ally speaking, the smaller the 
crystal tl>e higher tKe resonantilrequencies at which it can vibrate. 
Crystals at the high-frequency Wd of the scale, may be less than 
one millimeter thick. Thus we see that one of the limitations of 
crystal j-esonators is related to our ability to cut crystals precisely 
^to very small bits. 

The crystal resonator is incorporated into a, feedback system, 
that operates' in a way similar to the one discussed on page 37, 
The system is sel^ regulating, so the crystal output frequency is 
always at or near its resonant frequency. The first crystal' clocks 
were enclosed in cabinets 3 Irleters high, 21/2 meters wide, and 1 
meter deep, to accommodate the various necessary components. 
Today quartz-crystal wrist watches are available commercistlly— 
Which gives some indication of the great strides made in miniatur- 
isation of electronic circuitry over the past few years. 

The best crystal clocks will keep time to one millisecond per\ 
month, whereas lower quality quartz clocks may drift a millisecond 
^ or so in .several days. There ar^ two main reasons that the reson- 
ant frequency of a quartz oscillator drifts. First, the frequency 
changes with temperature; and second, there is a'slow, long-term ' 
drift that may be due to a dumber of things, such as contamina- 
tion of the crystal with impurities, changes inside the crystal 
caused by its vibration, or other aspects of "aging." ' ^ 

Elaborate steps have. been ^takej^ to overcome these difficulties 
by pjutting the cryst^ in\a temperaiture-controlled ''oven,*' and in . 
a contamination-proof container. But just as in the case of Shortt's 
two-pendylum clock, a* point of diminishing return arrives where 
one must ¥iArk harder and harder to gain less and less. 
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ATOMIC CLOCKS— Q =:.105 ^ 10^ w 

The next bi^ step was the use of atoms (actually, at first, mol- 
. 'cctdes) for Tesortator^. One willV^ppreci|ite the degree of perfection 
" achieved with, atomic resonators when he is told that these resona- 
tor acWeve Q's over ifiO miZZton. 

To 'Understand this w^ inpst abandon Newton's laws, which . 
describe swinging pendulunisrand vibrating materials, and turn 
instead to the laws that describe the motions of atoftis and their 
interactions with the outside worlcfe/These laws go under the gen- 
eral heading pf "quantum m(Bchanics," and they were developed by , 
different scientists, beginning^ about 1900. We shall pick lip the 
story about 1913 with.the young Danish physicist Niels Bohr, who 
had worked in England with Ernest T. Rutherford, one of the 
world's oijtt^^anding experimental physicists. Rutherford bom- 
barded atoms ^' with alpha particles^from radioactive materials and 
came to the conclusion that the atom consists of a central core sur- * 
• rounded. by orbiting-electrons like planets circling ground the sun. 
But there was a very puzzling thing about Rutherford's con- 
ception of tfee atom : Why didn't atoms eventually riin down? After 
all, even the planets, as they circle the sun, gradually lose energy, ' - 
' moving in smaller and smaller circles until they fall into the sun. "7 
In the same manner the electron shooild gradually lose energyuntil 
it falls into the core of the atom. Instead, it appeared to circle the 
core with undiminished energy, like a perpetual motion machii^e, 
until suddenly it 'would jump to another inner orbit, releasing a 
4ixed amount of energy. Bohr came to the then revolutionary'' idea 
y that the electron did not graditally lose its * energy, but lost energy 
in "lumps" by jumping between definite orbits, and that the 
, energy was released in the form of radiation at a particular fre- - 
, quency. 

Conversely, if the- atom is placed in a radiation field it can 
absorb energy only in discreet lumps, which causes the elect]^n to, 
jump from -an inner to an outer orbit. If there is no frequency iiL..^^^^ 
the radiation field that correspohds to the energy associated with 
' an allowed jump, then iia^absorption o'f energy can take place. If 
' ,there is such i\^frequency,"then the atom can absorb energy from 
\ the radiation field. ' x " 

) The frequency of the radiation is related to the lump or quan- 
^ tum of energy in a very specific way: The bigger the quantum of 
" en^gy, the higher the emitted f requenqv. This energy-frequency 
relationship, combined with the fact th^ only certaiji quanta of " 
energy are. allowed — namely, the ones associated' with electron 
jumps between specific orbits — is an important phenomenon for 
^. clockmakers. It suggests that we can use atoms as- resonators, and 
furthermore that the emitted or resonant frequency is a property 
of the atom itself.' . • - 

This is a big advance because now we don't have to be con- 
cerned with such t'hings as Ijuildir^g a pendulum to an exact length 
ox, cutting a crystal to the correct size. The atom is a natural, non- 
man-made resonator whose resonant frequency is * practically 
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immune to the temperature and frictional effepts that plague 
mechanical clocks. The atom seems to be approaching the ideal 
resonator. 

* But we are still a'long way frorii producing an atomic resona- 
tor. How are we to count the **ticks" or measure the frequency of 
such a resonator? What is the best atom to use? How do we get 
the electron in the chojsen atom to jump between the desired orbits 
to produce the frequency we want? ^ 

We have -partially answered these questions in the section on 
/'Pushing Q to the Limit," on page 37. There we described a feedr 
back system^ consisting of three elements — an oscillator, a high-Q 
resonator, and a^ feedback path. The oscillator produces a signal 
that is, transmitted to the htgh-Q . resonator, causing it to vibrate. 
This vibration in turn, through suitable electronic circuitjry, gener- 
^tes a signal proportional to tKe magnitude of the vibration that is 
fed back fo the oscillator to adjust its frequency. This process goes 
around and around until the high-Q resonator is vibrating with 
maxinium amplitude; that is, it is- vibrating at its resonant fre- 
quency. 

In the. atomic clocks that we shall be discussing, the oscillator 
is always a crystal oscillator of -the^ty-|Se- discussed in the previous 
section, .\vhereas the high^Q resonaftor is based uporf some natural 
resonant frequency of different species of atoms. 

In a sensej atomic clocks are the ^offspring" of Shortt^^ two- 
ptodulum clock, where the crystal oscillator corresponds to one 
pendulum and the high-Q resonator to the other. / . 

The Ammonia Resonator— Q = 10^-10* 

In X949, the National Bureau of Standards announced .the 
world*^ "first time source linked to the natural^ frequency of atomic 
particles. The particle the ammonia molecule, which has a nat- 
ural frequency at about 23,870 MHz. This frequency is in the 
microwave part of the radio spectrum, where radar systems oper- 
ate. During World War 1 17 great strides had been jnade in the 
development of equipnf\^nt operating in the microwave region; and 
attention had been focusfed on resonant frequencies such as that of 
the ammonia molecule. So it was natural that the first atomic fre- 
quency device followed along in this* area. ^ . / 

The ammonia molecule consists of three hydrogen atoms Vn^ 
one nitrogen atom in the shape of a pyramid, with the hydrogen 
atoms at the base and the nitrogen atom at the top. We liave seen- 
how the rules of quantum mechanics require that atoms emit and 
absorb energy in discrete quanta. Acciording to these' rules the 
nitrogen atom can jump down through the base of the, pyramid 
and appear on the other side, thus making an upside-dowji pyra- 
mid. As we might expect, it can abo jump back through the base 
to its original position. The molecule cati also spin ikound different*^ 
axes of rotation : The diagram shows qne possibility.- Each )all6we'd 
rotation corresponds to a different energy state of the molecule. If 
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we carefully inspect one of these states, we .see that it actually con- 
sists of two distinct, but closely spaced, energy levels. This split- 
ting is a consequence of the fact that the nitrogen atom can 
either above or below the base of the pyramid. The ei\ergy differ- 
ence between a pair of levels corresponds to a frequency of about 
, 23,870 MHz?: • . ^ \ 

To harness this frequency a feedback syst«n is employed con- 

. ^ sisting of two "pendulums": a quartz-crystal oscillator and the 
ammonia molecules. THe quartz-crystal oscillator generates a fre- 
quency near that of the ammonia molecule. We can think of this 
signal as a weak radio signal being broadcast into a chamber of 
'anamonia molecules. If the radio signal is precisely at the resonant 
frequency of the ammonia molecules, ttjey will oscillate' ancl 
strongly absorb the radio signal energy, so little of the signal 
passes through the dhamber. At any other frequency the signal 
will pass through the ammonia, the amount of absorption being 
proportional to the difference between the radio signal frequency 
and the resonant frequency of the amgiOnia. The radio signal that 
gets through ^the ammonia is used to aiijust the frequeficy of the 
quartz-crystal Oj^cillator to that of the ammonia resonant fre- 
quency. Thus the ammonia molecules keep the Quartz-crystal oscil- 
lator running it the desired frequency. ^ 

The quartz-crystal oscillator in turn controls some display 
device such as a wall clock. Of course, the wall clock runs-at a 
much 'lower, fregfeency — usually 60 Hz, like an ordinary electric 
kitchen clocbfe To produce this lower frequency the crystal fr.e- 

*^ quency is reduced by electronic circuitry in a manner similar to 
using a train of gears to convert wheels running, at one speed to 
run at another speed. 
* Although the resonance curve of the ammonia Ynol^ule is very 
narrow ^compared to ^previously used resonators, there are stil^ 
problems. One is due to the collision of ther, ammonia molecules 
with one another and with the waifs of the chamber. These colli- 
sions produce forces, on the molecules that alter the resonant fre- 
quency. . - 

Another difficulty is due to the motions of the molecules — mo- 
tions that produce ^"Doppler shift" of th^ frequency. We have 
observed Doppler frequency shifts when we listen to the whistle of 
a train as it approaches and passes us. As the train comes toward 

us, the whistle is high in pitch, and then as tljie tr^n passes by, the rJl^Vj^ cowCR pitch 
pitch lowers.^ This same effect applies'^^o the speeding aynmorSa Jfi^^^^^^y'^^'''^ 
molecules gnd distorts the results. Turfiing to the cesium atom ' 
instead of the ammonia molecule minimizes these effects. 

^ \ ' ■ * , . ' 

The Cesium Resonator — Q = 107 ~ lo^ ^ 

The cesium atom has a natur^il vibration at &, 192,631, 770 Hz, 
which is, like that of the ammonia molecule, in the microwave part 
of the radio ^p^trumi This natural vibration is a property of the 
■ atom itself, in corftrast to the ammonia jiatural frequency, which 
results from the interactions o^* four atoms. Cesium is a silvery 
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metal at room temperature. The core of the atom is surrounded by 
a swarm of electrons, but the outermost electron is in an orbit by 
itself. This eleptron spins on its axis, producing a magnetic field; 
we could thus think of the 'electron as being a miniature magnet. 
Th^ core or nucleus of the cesium atom also spins, producing 
another miniature xnagnet, each magnet feeling the forc6 of the 
other. , 

These two magnets are like spinning tops wobbling, around in 
^hQ same way the earth wobbles because of the pull of the moon. 
(This wobbling motion of the earth' is discussed more fully on page 
68.) If the two magnets are aligned with their "north" poles in 
the same direction, the cesium, atom is in one energy state >• and if 
they are aligned iii opposite directions, the atom is in a different 
energy state. The difference between these two energy states corre- 
sponds to a frequency of 9,192,631,770 Hz. If we immerse the 
cesium atoms in a "bath"> of radio signals at precisely this fre- 
quency, then the outside spinning electron can "flip over,"; either 
absorbing energy or emitting energy. , 
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The figure illustrates the operation of the desium-beam fre- 
quency standard. On'^the left is a small electric "oven" that heats 
the cesium atoms so tWat they are "boiled out" through a small open- 
ing 'into a long, evacuted tube\ The atoms travel down the tube 
like marching soldiers, thus ayoiding collisions with each other — 
Which vi^e recall w^s one^of the difficulties with the ammonia 
resonator. As the atoms pass along the tube they come to a "gate," 
which . is in reality a. special magnetic field that separates the atoms 
into two streams according to whether their electron is Spinning in 
the same direction as the nucleus or the opposite direction. Ojily 
one kind of atom is allowed to proceed down the.^ube, while the 
others are deflected away.: The selected (blue) beam then passes 
through a section of the tube where the particles are exposeisLto a 
radio signal very neai^,192,631,770 Hz. If th%' radio signal is pre- 
cisely at the resonanpfrequency, tken large^ numbers of atoms Will 
phange their energy state, or "flip over." ; ^ o 
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Thn nlntnr* Mfoti pnqq ihvcMgh another ma^etic gate at the 
end of the tube. Those atoms that have changed energy state while 
passing through^ the radio signals are allowed to proceed to a 
^ . detector at the end of^ the tube," while those that did not change 
state are deflecfed away from the detector. When the radio "fre- 
quency is equal to the resonant frequency, the greatest number of 
^toms w^ll reach the detector. The detector produces a signal that 
is related to^he number of atoms reaching it, anql this signal is fed 
back to control the radio frequency through a crystal oscillator sck ' 
as to maximize the number of atoms reachiifg^ the detector — ^which, . 
of course, means that the radio signal is at the cesium atom's 
re;^opant frequency. In this way the crystal oscillator frequency is 
tied to th^ resonant frequency of the cesiuna atom. The whole proc- 
ess, which is automatic, is miich like carefully tuning in a -radio so 
that the receiver gets the loudest and clearest signal; when this 
happens, the receiver is exactly "on-f requency" 'with the signal 
sent. V ' . \ ' 

We have , seen that one of the difficulties with the ammonia 
resonator is avoided by having the cesium atoms match down th6 
tube with as little interaction as possible. The spre^id in frequency 
caused by the D.oppler shift is minimized by transmittii^ the radio, 
signal at right angles to the beam^of the cesium atoms, as shown 
in the figure; the cesium atoms are never moving toward or away 
from the radio signal, but always across it. 

One Second in 370,000 Years \ * . 

Carefully constructed cesium-beam-tube resonators maintained 
in laboratories have Q's over 100 million, whereas smaller, porta- 
ble units, about the size of a piece of luggage, have Q's of about 10 
million. In^'principle, laboratory oscillatbrs keep time to about one 
. second in 370,000 years — if we could build one that would last that 
long. A few microseconds per year is what is really important, 
however, and that's ,the same ratio. . . \ 

What accounts for this high Q of a cesium resonator? In our 
discission of Q we saw that the frequency spread of the resonance 
curve decreases as 1;he "decay" time increases. In fact, the spread , 

. ' ■ l- ' > ' . ■ ^ 

IS just one over the decay time ( ) . In the case of the 

*• decay time 

cesium-beam tube, the decay ti#ie is simply the time it takes the 
^cesium atoms to travel the length of the tube. Laboratory cesimn- 
beam tubes may.b^ as long as four meters, and . the cesium atoms 
boiling out of the eleqtric oven travel down the tube at about 100 
meters: per second; so the cesium atom is in the tube about 0*04 
second. Since the frequency spread is one over the. time the atom 
spends pn the tube, we obtain a frequency spread of 1/0.04, which 
equals 25 Hz.' But thfe Q is the resonant frequency divided by the 
frequency spread, or 9,192,631 J70. Hz/25 Hz, or about 400 million. 

Atomic Definition Of thejSecond y 

Because of the smoothness/ with which the cesium resonator 
l^ticks," the di^finition of the seconcf Erased 'on astronqjnical observa- 
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' tion was abandoned in '1967,^and',the second was redefined as the' 
duration of 9,1912,631,770 vibrations of the cesium atom. On page 
64, there is a much fuller discussion of the events thatied to. the 
atomic definition of the second. As ,we^ shall also see in that 'chap- 
ter^ national laboratories-responsible f6r the ultimate generation of 
time information do not literally have a large atomr^' clock with a 

- f^ce and hai)ds like a wall clock, but rather the "clock" consists of 
a number of coipiponents, one of which is a set of aiomic oscillators 
whose job it is to provide accuracy and stability for, the entire , 
clock system, o . ' ■ ' - ^ ^ - 

The Rubidkim Rei&onator — Q =-107 ' 

\ The rubidium resoftator, although of lower qiiality^than the 
cesium resonator j is nevertheless important tiecauge it is relatively 
inexpensive cofnpared to cesium resonators, and b^ause it is more 
than adequate 'for many of today's needs. The device is* based on a 
particular resoifiant frequency , of rubi4ium atoms contained as a 
.gas at very low pressure in a specially constructed chamber. 

Atoms, like'crystals, have more than- one resonant frequency. 
One of the rubidium. resonant frequencies is excited by an intense 
beam of light, and another resonant frequency is excited by a 
radio wave in the microwave fl'ecjuency regdpn. As the light shines 
through the glass bulb ^ntaini^ig rubidiu^f^^s, atoms in the "cor- 
rect" energy state win- absorb energy. (The . situation is similar to 
the cesium atoms passirjg, through the radio signal, 'where only 
those atoms with tRe outer electron spinning in the prbpef dirfec-^. 
tion could absorb the ra^io signal *and flip over to produce a differ- 
ent energy stkte./ , . . _ ' 

The microwave radio signal, when, it is at the resonant fre- 
quency of^ the rubidium atom', converts the maximum numbe^ of 
atoms into the "correct" ckind to absorb energy from the lights 
beam^And as more of the atoms in the bulb are converted into the 
correct kind/ they absorb more of the energy of the light beam; 
thus \Vh;en. the light. beam is most' heavily absorbed, the microwave 
signal is "at? the desi;:ed frequency. Again, as in the case, of the ces- 
ium-beam tube, the amount of light thatTshinfes through the beam 
is detected and us^d to generate a signal that controls the, micro-, 
wave frequency to njake the light beam reach minimum value. 

Rubidium:'oscillators have Q's of;around 10 million, and they 
.keep time^tp about one milKsecond in a few hiortths. But like crys- 
'tal oscillators, they drift slowly with time and must occasionally be 
reset with reference tp sl cesium oscillator. This drift; is diie to 
'suc|i things as drift in the light source arid -absorption of rubidium 
in the walls of the storage bottle. . ^ . ' « " " 

The qydrogen Maser — Q 10^ . * / . 

In the c'ases>'of the {hree atomic resonators v^e have discu^eii^ 
— ammohia, cesium, and rubidium resonators — ^we observe the 
^jresoixant frequency indirectly.. That iiS, we measure, in the case of 
the cesium oscillator, the number of atoms reaching jthe detector. ^ 
In the. cases of the aninjonia and rubidium devices w^ mieasurQ^the 
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amount of sigfjial absorbed aa the signal piloses throu^^Ii atoms a-rtd 
molecules. Why not observe the atomic /rjulio or optical signal 
directly? Tile next device we- shall discuss— the hydro^yen maaer — 

• does just that. ' ' ' ' ^ . 

The man who developed the maser. Dr. Cliarles IT. Tavvnes, an < 
American scientist, was not workinj,^ on an oscillator at all; ra{her ^ * * 
he w^s seeking a \vay to amplify microv^^ave radio signals. Hence, 
the nhme 7na.ser, which although -now a common noun in the die-- , ^ 
tionari^ Jfr simply an acronym for Aficrowave simplification by 
Stimulated i7mission of /vadiation.' But as we have seen; anything 
that o^cillates^or swings with a definite period ()r frequency can l^e- 
come the basis of a timekeeping device or clock. The resonator in 
,the hydrogen masers is the hydrogen atom, which has, among 
othei-s, a particular resonant frequency of. 1,420,405,752 Hz. 

In^ manner similar to that of the cesiutn-beam tube; hydro- ^tv 
gen gas drifts through a magnetic gate that allows only thosV^;?topiiotfri 
atoms in, an energy-emitting state tp pass. Those atoms making it 

• through T:he gate enter a quartz-glass storage bulb a few incHes in 
- diamfetei:. The bulb is coated inside with a material similar to that 

used on nonstick cookware. For reasons not entirely understood, 
this coating reduces the frequency-perturbing effects caused ^by coU 
' lisions of the hydrogen atoms vi^ith the v^rall of the bulb. ,The atoiflte 
stay in .the bulb fibout one second before leaving; and thus their 
eflfective decay time is about one second, as compared to '0.04 
second for'the/feium-h/am tube. This longer decay time results in 
, a 0 about ten times hither than that of the cesium beam oscillator, 
^even though the resonaht frequency is lower. . ' ^ 

If the bulb contains enough hydrogen atdins in the energy- 
emitting state, ''self-oscillation" will occur in the^ulb. According to- 
the laws of quantum mechanics, an atom in an energy-emitting 
state will, -eventually, spontaneously .emit a 'packet of radiation 
energy. ^Although it is. not possible to know in advance which par- 
ticular atdJB will emit energy, if there are enough atoms in the 
quartz bulb eveJitually one of them spoi)taneously emits a-packet of 
.enei'gy, of photon, at the resonant frequency. If this photon hits 
anoth^ atom in an energy-emitting state, that atom may be ''stim- 
ulated" to release its energy as another photon of exactly the same 
^energy— and therefore the same frequency— as the one that 
started^^he process. The remarkable thing is that the "stimulated" 
emission- is- in step with the radiation that produced it. The situa- 
'tion is similar t6 that of a choir in which all members are singing 
the same word at the same time, rather than the Same word a.t dif- 
ferent times. ' I 

We now have two photons bounhinV around inside the bulb, 
^d they will interact with other enfergy-emitting atoms; so the' 
whole process^escalates like a falling house of cards. Since all of 
the photons are in step, they constitute a microwave radio signal 
at a particular frequency, which is picked up by a receiver. This ' 
signal keeps a crystal oscilMor in step with thet Resonant fre- \ 
quency of the energy-emittingJ|j^4ro^en atoms. Enerjgy is supplied 




HYDROGEN MASER 
OSCILLATOR 



. VJE 

\ r HAVE TWO 

THEiPHOTOU 
WlT^TmS ATOM 
•6TIMULATIK)<5'* 
IT TO £MIT A 
PHOTOKi 



THISATDM 
EMITS A 
PH6TOW 
"SflOWTAWEOUSLY" 



DECAY TIME 
DECREASES WITH 
INJCREAS/M^ 
FREQUENCY 



V 



( 



by a constant stream of hydrogen atoms in their high-energy state, 
and thus, a continuous signal results. 

Although thi^ Q of the hydrogen resonator is higher than that 
of the cesium-boam resonate 1^ its accuracy is not as great today 
because of the unsolved problem of accurately ^evaluating and mini- 
mizing.the frequency shift caused by the collisions between the 
hydrogen atoms and the wall of the quartz bulb. 

CAN WE ALWAYS BUILD A 196TTER CLOCK? 

We ha^e s^en'that the Q of the resonator is related to its 
decay time. For the atomic resonators we have discussed, the decay 
time was largely determined by the lengtih of time the atom spends 
in some sort of container— a* beam tube oi-«4julb. Historically, the 
trend has been toward resonators with higher anyHiigh^ resonant 
frequencies. But this tui-ns out to have an impact^ thfe decay 
time. As we said, ^atoms in energy-emitting states can, given 
sufficient time, release spontaneously a burst of energy at a partic- 
ular frequency. According to the rules of quantun;i mechanics, the 
decay \ime decreases rapidly with increasing freqiuency. At such 
J:iigh frequencies, the average time for spontaneous emission — or*" 
niTEtn-al, lifetime— may be considerably smaller than the time that 
the atom spends in the containe/. 

In the case of the cesium-beam tube and hydrogen in the 
quartz bulb, the natural lifetimes- of the. atomS are considerably 
longer than the containment times in the bulb or beam tube; but at 
much higher frequencies this^miiy not be the case. So it would 
appear that the recent trend toward basing resonators on higher 
and higher atomic resonant frequencies may eventually reach some 
upper limit. But that limit is not yet in sight As we shall see in 
the final Chapter, there are suggestions of even more distant hori- 
zons where clock resonators m?iy be based on emissions from the 
nucleus of the atom itself. 

For the present, the only limit to building better and better 
clocks would appear to be the upper reaches of man's ingenuity in 
coping with the problems that inevitably arise when a particular 
path is taken. So it is man's imagination, not nature, that dictates 
^ the possibilities for the foreseeable future. 

The atomic resonators we have discussed are, of course, far 
too cumbersome \and expensive for any but scientific, laboratory, 
and similar specific uses; and their operation and maintenance 
require considerable expertise. But a few years ago the same 
would have been said of the quartz-crystal oscillator, which has 
now becomlfe common* in wrist w%tches. Although it seems unlikely 
at this time,. who is to say that there may not be^some break- 
through that will make some sort of atomic clock much more prac- 
ticable and widely available than it is today?- 
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Thus far we have concentrated on the technical develdpmfents 
that led to improved timekeeping, and vi^e have seen how these 
dwelopments were utilized in scientific and national standards lab- 
oratories, where the utmost accuracy and stability are i-equired. 
Now We shall turn to the more pedestrian timepieces, which we 
can carry in our pockets or wear on our wrists. These watches 
operate in a manner similar to their laboratory cousins, but they 
iire less accurate for reasons of economy, size, and convenience. 

THE FIRST WATCHES ^ 

, The word watch ds a derivation from the Anglo-Saxon ivacian 
meaning ''to watch,^' or wake/' Probably it described the prac- 
tice of the man keeping the "night watch," who carried a clock 
throu^ the streets and announced the time, • well as important 
niews — or simply called out, "Nine o'clock and all's well." ' 

Early clocks were powered by weights suspended from a rope 
or chain— an impractical scheme for portable timepieces. The 
. breakthrough came in about ISSO, when Robert Henlein, a German 
^ locksmith, realized that a clock could be powered by ^ coiled brass 
or steel spring. The rest of the clock was essentially the "foliot" \ 
mechanism already discussed on page 26, which was very sensi- 
tive to \vh6ther it was upright in position or lying^ its side. 

In 1660 the English physicist RobCri Hq^e toyed with the 
idea that a straight inetal spring could act"!^ resonator in 'a 
clock; and in 167^ the Dutch physicist and astfonomer Christian 
Huygens employed this principle in the form of a metal spiral 
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spring connected to a rotating balance wheel; enei'gy flowed bade 
and forth between the moving wheel and the coiled spring, 

Hooke is also credited with development of a new kind of 
escapement, the "anchor" escapement — so called because of its 
shape — which -with the help of its ^'escape wheel" dehcately trans- 
ferred energy to the resonator) of the clock. With these develop- 
ments, the accuracy of clocks improved to the point where the 
minute hand was added in the latter part of the 1600's, 

The history of watchej5, up until about the middle of the 17th 
century, was essentially one of gradually improving . the basic 
design of the first watches — most of which were so large that wev 
would probably refer to thigm today^s clocks. As Brearley explains 
in Time Telling through the Ages'. 'B^^ok in 1650 it was -some iob 
to figure out-the number of teeth in a train of 'wheels and pinions 
, for a watch, to determine their correct diameters^to ascertain the 
number of beats of the escapemeHt per hour, and then design a ' 
balance 3vheel and hair spritig that would product the^ requisite^ 
number; to determine the Iftngth, width, and thickness of a main 
spring that would furnish enough and not too n^ch power to drive 
the mechanism; and finally, with the very crude and inadequate 
tools then available, tt) execute plans and produce a complete watch 
that w()uld run and keep time — even approximately.'" 

Ojie significant development^ occurred in 1704, when Nicholas 
FacicC of Basel, Switzerl/ind, introduced the jeweled bearings Up to 
thatH(j^ the axles of the gears rot^^ted in holes punched in brass 
plates-^which cobsiderabfy limited' the life and accuracy of/tfie 
watch. X" , 

Before the middle of the'17th century the production of clocks 
. and watches was largely the .work of sljcilled craftsmen, principally 
in England, Germany, . and France, although - it was the Swiss 
craftsmen who* introduced nearly all of the basic improvements in^ 
the watch. The watchmsQcer — or "horological artist,'' as he was , 
called— individually designed, produced, and assembled all parts of 
each watch, from the jeweled bearings and pinioiied wheels to the 
face, hands, and case.. In some cases an hor^kJgist might taljie an 
entire year to build a single^ timepiece. ' ' 

In Switzerland, however, and later in the United States, 
watchmakers became interested in ideas that the industrial revolu- 
tion was bringing to gunsmithing and the making of other mecha- 
nisms. The ^manufacture of identical and interchangeable parts 
that could be used in making and repairing watches made possible 
the niass production of both expensive and inexpensive watches. 
.Turning to- this kind of standar^ation, Switzerland rapidly 
became known throughout the world as the center for fiil« watch- 
making. About 6000 watches were produced in Geneva in 1687, 
and -'by the end ofothe 18th century GeneyiTcraftsmen were produc- 
ing 50,000 watches a year. By 1828 Swiss watchmakers -had begun 
to make watches^ with the *aid of machinery, and mass production 
of Watches at a price that the average man could afford 
assured, ^ ^ * ' 



But it was in the United States that the idea of machine-pro- 
duced interchangeable parts finally resulted, in a rieally inexpensive 
watch that kept reasonably good tim6. After many false st^arts and 
efforts by various- persons that met with little success, H. H. Inger- 
soll launched the famous ''dollar watch" about the.^ of the 19th 
century. A tremendous success, 4t-^sold in the millions throughout 
the next quarter century or mo^e. The first were pocket watches, 
•encased in a nickel alloy; but as the wrist watch gained accept- 
ance ^ind popularity in the 1920's,; Ingersoll also manufactured 
*bt)th men's and ladies' wrist .watches, > ^ i 

MODERN MECHANICAL WATCHES . ^ 

It was style consciousness ■ that was largely responsible for 
continued changes and improveknents/ in the watch mechanism. The 
o^dllenge of producing- watches sfnall and light enough fo be 
pinned to the sheer fabrics of ladies' daytime and evening dresses 
without pulling the dress lines out of shape resulted in the dainty,' 
decorative pendant watches popular in the early 1900's. Designing 
.worl^ that -would fit into tjie slim, curved wrist-watch case that 
became increasingly popula;:. with men was^a nlaior achievement 
after World W«^I. 

/ ^ \ 'A- 
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Accuracy, .stability, anS reliability also remained important 
goals. The multiplying railroad lines, .with their crack, trains often a 
running only minutes aj)art by the latter half of the l^h century, I 
helped to create a strong demand for accurate, reM^^ble watches7"7 
Every ''railr^oader," from^ the station manager an^dispatcher to ^ f 
the engineer, qondjiHor, and track repair cre^i^-yith their motor- \ 
. car,'Wi to know the time, often to- the part o^ a minute. ''A rail- 
road employee took great pride in his 'watch— which he had to buy 
himself and which had to meet^ecified requirements. ' . ■ , 

Before electronic watches entered the scene, the Union Pacific 
Railroad required thaV all watches have 21 jewds and that they be 
a -certain minimum size. Today electronic wrist watcfies are 
allowed, but whatever the -type, each morning a railroader's watch 
must be checked against a time signal coming over a telegraph 
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wire or the telephoneVand it must be within 30 seconds of 'the cor- 
rect time. As arf additional safety measure, watches ai;ie checked on 
the job by watch inspectors, who appear unannouncdtj, Time, to 
the railroads, is still aiVery serious matter. ^ ^ ■ ^ 
t Today's mechanical watch is a marvel of the art olmanufac- 
tur^g and assembling of tiny parts. The Balance wheel in a ladies' , 
wrist watch has a diameter about the same as that of a matchhead, 
and the escapement ticks over one hundred million ti^;nes a year, 
while the rim of the balance^heel travels over 11,200 kilometers 
^miles in its back-and-forth journey: Th^ balance wheel is balanced 
alnd its rate adjusted by over a dozen tiny screws around its rim. 
Some 30,000 of these screws would, fit into a ladies' thimble, and .the 
jewels ma^be' as. small as specks of peppe^. It's no wonder that the 
tiniest piece of dqst ciln stop a watch or seriously iftipairHts motion. 

Even oiling a watch is a delicate operation. One single drop^'of 
toil from a hypoderipic syringe is enough to lubricate over a thou- 
sand jeweled bearings. An amazing variety of substances have 
been used for lubrication, ranging from porpoise-jaw oil to today's 
modern synthetic oils. ^ 

"Every night, when he' winds up his watch, the modet'n man 
adjusts a scientific instrument of^ a precision jind delicacy unimagi- 
nable to- the most cunning artificers of Alexandria in its prime." 

\ , ^ ' — Lancelot Hogben 

ELECTRIC AMD ELECTRONIC WATCHES 

A very big st^p in the development of the watch occurred in 
1957, with the introduction of the electric watcji. This watch was. 
essentially the same as its mechanical predecessor, except that it 
was powered by a tiny^ battery instead pf a spring. Two years 
vlater, in 1959, a watch was introduced with the balance wheel ^ 
replaced by a tiny tuning fork. Historically we have seen that the 
quality factor, or Q, of resopators increases with resonance fre- 
quency. The balance wheel in mechanical watches swings back and 
forth a few times a second, but the tuning fork vibrates several 
hundred times a second, with a Q around 2,000— 20 times better . 
than tfie average balance Wheel resonator. Such watches can keep 
time .to a minute in a month. The tuning fork's vibrations are 
maintained bj^ the interaction between a battery-driven, transistor- 
ized oscillating circuit and two tiny permanent magnets attached 
to .the ends of the tuning fork. 

THE QUARTZ CRYSTAL WATCH 

The quartz-crystal wrist watch, which is' a miniature version 
of the quartz-crystal clock discussed on page 40, is ±iie latest 
step in the evolution of watches. Its development was not possible 
until the invention of the integrated circuit— the equivalent of 
many hundreds of thousands of transistors and resistors in an 
area only a centimeter or less on a side. These circuits can carry 
out the many complex functions of a watch, one of the most impor- 
tant being the electjionic^tounting pf the vibrations of the 'quartz-' 
crystal resonator. 



The first quartz wji'ist watches utilized the ''hands" type of 
display, ^adapted existing watches, But later versions became 

available with .fi<i!^ moving parts at. all. The hands have been 
replaced '.by digimnt^ hours, minutes, and seconds 

ous elements that are entirely controllecl 
{{^"iz watches tocjay are. accurate to. one 
ralTft^in a. very early developmental i^tage, 
diet what ultimately may be achieved, s 
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^ - For about 99 percent of the people who want to know what 
time it i&— or to clock the duration of time — a clock or watch that 
"keeps time" within a minute or so a day is acceptable. The famil- 
iar and inexpensive wall or desk clock driven by the electric cur- 
rent supplied by the pow^i>company is completely adequate for the. 
vast majority of people; few persons recognize a need for a more 
"refined" time. Using only his eyes and fingers, a human being has 
not the manual dexterity to set a clock or watch to an accuracjy of 
better than a second or so, even if he has the time and patience to 
do it. ' ; 

"Losing" the time altogether, when a clock or watch stops, is 
no problem to most people. Qjie simply dials the telephone com- 
pany time service or consults another of the many possible sup- 
pliers of tljp "correct" time. In short, for nearly everyone, in 
. nearly all circumstances,' the wide choice of- clocks and. watches 
•available in the local drug or department store at prices of $5y.00 ^ 
and up is sufficient to meet everyday needs. ( 

But let's suppose that a man is going into, a remotej^area on a 
trip, where he has no radio receiver and will have no contact with ' 
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other people for three or four weeks. If it's a fishing trip, he prob- 
ably doesn't care whether hife watch loses or gains a^few niinutes a 
day. He'll still ^'obably malce connections with the pilot wlio is 
flying in to pick hinl up at the end of the43eriod. . ■ 

But let's suppose , that the man is to make certain observations 
,.at certain times of day, and that a scientific laboratory is depend- 
4ing on the information he gathers, and it's important to the labo- 
ratory that the time the information is> recordednife correct within 
a tolerance of on^ minute. Or perhaps the man has a radio trans- 
mitter and is only one of several men in the field, each of whOm is 
to send in' a r^eport at« certain times each day. Then he will need a 
mor,e^ accurate and dependable^ — and mote expensive — watch. 
$300 to $400 watch that's waterproof and shockproof, and thakhas 
proved to keep time without res^tirig— losing, say, no more tHan ^ 
30 seconds in six months or so — should serve him nicely. ^Spe- 
cially if he has a radio receiver with which he can pick up a^me 
broadcast occasionally, so he could check the time once in awhile 
and reset his watch if he needs to..*^ 

, But then there is a surprising array of very compion time 
users for whom any kind of watch or clc^ck that can be^ad by the 
human' eye or^ar is as useless as a meterstick is to §. lens grinder. 
Communications and power company engineers, scientific labora- 
tory Technicians, and many other special users of time and fre- 
quency information read this information with the help of an oscil- 
loscope hooked up. to sophisticated receiving instruments. Their 
clock may be driven by a quartz-crystal oscillator, which, although 
accurate to one millisecond per month, must be checked where 
more accurate time is required— of te^ several times a day — ^by an 
even better oscillator. A quartz-crystar^QSSuJJator may cost as much 
as $2500, depending on its quality. *^It' must have a special housing 
with controlled temperature anfl humidity, and it requires^omeone 
with special training in its care and use to look after aiid regulate 
it. Often a team of technicians read it, chart its performance, and 
adjust it as needed, every day, . 

These individuals, obviously, must have an even better time 
soui'ce than^ their quartz-crystal .clocks in order to keep them till- 
ing the time accurately. This will be an atomic clock of some kind. ' 
Perhaps a rubidium frequency standard, that costs about $7500, or 
^a cesium standard with a price tag of around $15,000. When a 
portable cesium standard is hand carried from' its "home" to be 
checked and adjusted against another, similar* standard— or- 
against the NBS atomic frequency^ standard at the United. States 
National, Bureau of Standards ^or the officiSl standard in another 
nation — it travels, usually by airplane, attended by a team of tech- 
nicians wljio see that it is plugged into an^electric circuit whenever 
possible, and that its batteries are kept charged for use when this 
.is not possible. ^ . . , ^ 

A portable cesium standard vC^eighs about 90, kilograms, and 
occupies about % of a cubic meter. Characteristically, it will not 
lose or gain one second in 30.00 yeairs. Such atomic standards are 
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found' in scienj^ific laboratories, electroni^es factories, and even a 
f^wTVstatJons, • ' 

. The primary frequency standard, at the laboratories of :the 
National Bureau of Standards, in- Boulder, Colorado, is much- 
larger than the portable standards. Housed in its own spjBcial 
rooni, it is about 6. meters long and weighs over 3000 kilograms. 
The^present nioderwto* completed in 1976 at a ci!)st of abo'ut 

i $300,000. It is used in Conjunction with several smaller atomic 

^ "clocks" that monitor each other constantly and a?-e the basis of the 
NBS time and frequency services. It is accurate to 1 second in 

' 370,000 years. ^ 

^ So who needs the $300,000 clock? We all do. We need it to set ' 

• our $15 watch. Everyone who uses a television set, ''a telephone, 
electric shqver, record player, vacuum i^Jeaner, or clock depends 

' ultimately on the precise time and timing information supplied by 
this $300,000 clock. Not to mention everyone whose daily activities 
are more or less regulated by and dependent on the working of 
hundreds ^of comj^uters plugged into each other all across the 
nation— everything from airplane and hotel reservations to stock 

. market quotations and national crime information systemg. 

"The time" is very inexpensive and easy to come by for many ■ 
millions of average users, simply because relativelj^ few users njust - 
have very expensive and much more refined, precise time. The 

" remarkable accuracy and dependability of the comm6iMjectric wall 
cUick can be bought very cheaply only because^ very much more 
expensive blocks make it possible for the power company to deliver 
electricity at a veiy constant 60 cycles per second, or 60 hertz, day 
in . and day out. The "time" as most of us know it is simply inex- ' 
pensive crumbs from the tables of the few rich "gourmet" consum-^ 
ers of time and frequency information, ' ' . 
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TIME SCALES 



Length scales may measure^ inches or centimeters, miles or kil- 
ometers. Weight scales may be read in ounces or grams. When we 
speak of an ounce, we sometimes ha^to specify whether we mean 
avoiiftWpoiK weight or apoth^aries' weight, for each is measured 
by a different scaZe. "Nautical miles are not measured by the same 
scale as statute miles. Time,* too, is measured' l3y different scales 
for different purposes^ and by different users, a*id the scales them- 
selves have been modified throughout history to meet changing 
needs or ttrgain greater accuracy.^ 

THE CALENDAR 

The year,, the month, and the day are naturaf units of time 
derived from three different astronomical cycles : 

• The year — solar year — is the period of one 

• complete revolution of the earth. about the 
sun. * 

• The ' month is the' time between two 
successive new moons. 

• The day Is the time between two succes- 
sive "high" noonsT^^^ . 

As man became more sophisticated, in his astronomical meas- 
.urements, he noticed that there were not an even number , of day^ 
and months in the year. Early farmers in the Tigr.is-Euphrates 
Valley had 'devised a calendar with J/2 months per year, each month 
being the average time between ^-wo new moons, or 29^ days. This 
ivdds up to 354 days per year. It days short of the year we know. 
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Before long the farmers n^ced that thfeir planting times were 
getting out of step with the seasons. To bring the calendar 'into 
conformity , with the seasons,- extra days and months were added, 
at first on a rather irregular basis, and later ^t regular intervals 
over a 19-year cycle.^ ^ \ ^ • 

• The Egyptians were the first to recognize that the solar year 
was close to 365 day^ and that even this oapfculation needed adjust- 
ment by adding one .extra eve1?3i.^Ji>fir years. However, the 
Egyptian astronomers could not perSukde the rulers to add the 
extra day .every fourth -year, so , the seasons and the* calendar' 
slowly drifted out' of phase. It was not until some t^^o centuries' 
later that Julius Caesar, in 46 B.C., instituted the 365-day year 
adjusted fprjeap years. But even this iadjustment isn^t quite cor- 
rect; a- leap year every four years aimounts^to an over-correction on 
the average of 12 minutes every solar year. Some thousand years 
after Julius Caesar established his calendar^ this small yearly 
error had accumulated to abput six 'days; and important religious^ 
holidays such as Easter were moving earlier and earlier i[ito the 
season. ^ ... ^ ' • ' 

By 1582, the error had .^become so great* that Pope (Gregory 
XIII modified 'the calendar and the rules for generating it. Firgt, 
years initiating a new century, not divi^ble'by 400,^woul(i' not be 
leap years. For example, the year 2000 will be a leap year because 
it is divisible by 400, but the year lOOQ.^as not. This change - 
reduces the error to about one day in 3,30CU^ars. Second, to brinjg: 
the calendar back into step with the seasons, Octoher- 4 ol 1582* 
wa3 followe^Jbry October i5, removingvlO days from the year 158^ 
With the adoption of the Gregorian Calendar, the problem ol 
keeping the calendar in stej) with the seasons was pretty well 
solved. But we/^still have the awkward fact that, t&e numbers of 
dayis and' months in the year are not commensurate with the^period 
of the earth's rotation around the sun. Thus, aa long as we base 
our. calendar upon these thr^e astronomical cycles We will alw§,ys 
be stuck with the kind of situation we have now, with,. differ etit ' 
numbers of days in the mofiths and the years. * 
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The Solar Day 

We ha^e just §efei\' tTikt* because tHere js not an integriil 
number of days or months in the year we have a rather ragged 
cal^dar. But there, are more problenis. As man improved, his abil-^ 
ity to measure tirpe, he noticed, that the time of day -as measured 
by a sundiaKcould va^:y frcJrn .the '.'norm" -as much as' 15 minutes m 
February an^November. There areHwo primary rqasonsw for this : 

Tlie ^^arth -dQQs not. travel, around the sun .* ' 
. . * In.a circlQ, Ixit in an ellipse. When the . 

• earth is neansi; .the sun — l.n winter, in the 
' rtorthern^ hemisphere — it-^traye^s faster irt"* ' - . ; 

orbit than wfi)9n it is farther away from the 
sun — in summer. ' . " ' • 

• The. axis- of the earth's rotation is tilted 'at ! 
an angleL'€)f ^bout 23^2° with respect to 

- ; ■ ' the^-plane which contains the earth's orbit , ' \, ^ 

around the si^n. > , * , ' 

Together these t^o^facts account for the. discrepanciies in Feb- 
rqary and November! Becajtj3e ot this variation, a new day caUed 
• the -^'nieiin s^lar day*' was- defined. The mean solar day is; simply 
the average length^of all -d|. the individual solar days throughout 
ti\e year. The ske^jk, show^' how the length of the solar day ;leads 
and ^ags behind the piean sglar day throughout the year. 

The Stellar or Sidereal Day ^ ; ; 

' ^ We havejjefined the soEar day as the .time between two "high" 
•noons, or uppei* transits of the sun. But what if we measured the . 
time.belas^n uppe^- ij^-iejnsits of .a star?/boes the "star" day 
equal 'the;sohir' day? Na We Vould find thattith^ star would appear 
at upper ti-ansit a little -earrBer the second night. Why? Because the 
earth, during the tiiflou-it is making one rotation about its- axis, has 
move(;l some' distance, -alsio/in its 'journey around the sun. The^net. 
effect is that the mean* solar' dAx is ^ibout four minutes longer than 
the day. determined by.tltej^tar. The day determined bjr the star is 
called the szcfereaZ eta?// " ^ . ^ ^ V 

Unlike the s®lar d^,'"'ttie sidereal day does not vary in length 
from one tii;ne of the year*t6 another; it is always. about four min^^ 
utes'^horter than the mean^ solar day, regardless of l^h^'tirtie of 
year or season. . ' t " ^ . 

Why is its length so much more constant? because -thje "stars 
are so far away from the ^rth that the tilt of the earth''s axis .and 
the elliptical orbit oi. the garth around the sun' can be ignored. To 
' put it differently, if we^were looking at the earth from some dis- 
.Jant star, we would^,hai;4iy:]be,able to' discern that a tilted earth- 
^ was moving around' the sun in an elliptical orbit. In fact,' the mean 
solar day itself can Ibe'more^^asily measure(^^by gbserving^the stars 
'than it can by obs^rviri'g thfe slin. : ' . / ' 

J Earth Rotation » t ^ ... / 

There still remains orie^final area of uncertainty in tfye» astro-> 
nomical time scal6,' Does'the earth itself rotate uniformly? There 

, . •. V . ; v-i- ■ - • . . 
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were suspicions as early . as the late 17th century thSj it does not. 
The first Astronomer Royal of England, John Flamstead, sug- 
'^sted in 1675 that since the earth is surrounded by water and air, 
\yhose distribution across the surface of the earth changes with 
time, its rotation rate might change from season to season. 

A«-more definitive clue was obtained by the -British astronomer 
Edmund Halley, after whom the famous comet was. named. In 1695 
Hfilley^^iced that the moon was ahead of where :^t should have 
been.^^er the earth W'as slowing down in its rotational rate or 
the moon's orbit had not been properly predicted. The moon's orbit 
was carefully recalculated, but no error was found. 

;/ The evidence continued to mount. Near the beginning of the 
2ath^ntury,' Simon Newcomb, an American astronomer, con- 
' eluded that during .the past two centuries the moon had be^ at 
times ahead of, and at times behind, its predicted position. By \939 
it seemed clear that the earth's rotation Was not uniform. Not only^ 
wa^ the moon no^ appealing where it was supposed be," but h^e 
planets, to9^ ww-eyiot in their predicted places, '^he obviqis 
explana|ifclt:was^m the earthS^^i-otation wa's'not Uniform. ^ " 
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.With, the development of atomic timekeepincr in the early 
it was possible to study the irre^Iarities in earth rotation 
more carefully; for time obtained from atomic clocks i&' more uni- 
form than earth time. These studies, along with observations suth 
as those just mentioned,: indicate, that there are three main types 

of irregularities : . ■ ' . 

* . . . . ♦ • , ^, 

• The earth is gradually slowing down; the ; 
length of the day is about 16 milliseconds ' ' 
longer now than it was 1000 years ago. 

This slowing l^due-tergely to frictlonai 
\ tidal effects of the moon on the earth's 

oceans. Indirect evideny^ from the annual 

growth 'bands on fossil corals suggests 
' that the earth day was about jil Hiours^ six ■ . [ 

hundred million years ago. ^ . , 

• The positions of the North and South' poles 
wander around by a few meters from one 

. yoar to the nexf. . Precisfe measurements 
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^ * show that wandering may produce a 

^ discrepancy as la'rge as 30 rnilliseconds: 

This polar effect may be due to. seasonal 
effects and rearrangements in the struc- 
; ture of the earth itself. 

• Regular and irregular fluctuations are 
\ ^ " superimposed on the slow decrease' in 

' " rotation rate. The regular fluctuarlions 

T ' amg.unt to a few milliseconds per year. In 

■\^^. .« — r— • 4he''ppring the earth slows down, and in 
the fall it speeds up,^'because of seasonal 
' y variations on the surface Of the earth, as 
^ first suspected by John Flamstead. 

One possible explanation of this variation caii be understood 
by i^ecallinff the figure of a skater spinning on one toe. As the 
skaj:ef draws his outstretched arms, in toward his body, he spins 
.piaster. When^he e^ftends the^, li^ slows down. This'i^ so because 
rotational momentum cannot chan^ unless there is some force to 
produce a change. The skater is an isolated spinning body with 
only a slight frictional drag caused by t^e air and^the point of con^ 
tact between'thet ice and the skate. When he pulls in his arms, his 
'speed incit^eases, so 111^1^ his rotational rttomentum remains 
unchanged, and vice versa/^""'^""^ 

The earth is also an isolated spinning body. Durirfg the wintei- 
' in the northejjn hemisphere, water^^vaporates from the ocean and 
accumulates ^ ice and snow on the high mountains. This move- 
ment of waterlfro'fn the oceans to the mountain tpps is similar to 
the dc<'iter's ex,ten(iing his arms. So the earth ^lows down in 
winter; in the spring the s>nb\v melts and runs, back to the seas, 
and the earth speeds up again. * " 

One niight wonder why this effect in the noii;hern hemisphere 
is ifot exactly compensated by the opposite effect -in tfie southern 
hemisphere during its cliange of seasons. The answer is that th^ 
land mass nortR^^^f^the equator is considerably greater than the 
mass. south of the. equator; and although there jire compensating 
eff ect^'' l^etween ^he two hemispheres, the northern hemisphere 
do^nihates.^ ' ^ 

All of these effects \hi\t conspire.^to mafie the earth a. jsome- 
what iri-egular clock have led to^'tlie development of three different 
scales of time that are called .Universal .Time: WTO, UTl, and 
UT2. ^ . , , . 

• UTO IS the scale generated by the mean 
solar day. Thus UTO correG<3 for the tilted 

. "^eartti moving around the sun in an ellip- 
tical orbit. 

• UT1 Is UTO corrected for the polar mption 
of the earth. ' , 

• Ul^ is UT1 corrfifcted for the regulj^^^low- 
ing down and speeding up of the earth in 

- . Spring and fall. Each step from UTO 'to 
.' UT2 produces a mOre uniform time scale. 
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THE CONTINUING SEARCH FOR MORE UNIFORM TIMfe: EPHEM- 
ERISTIME ^ 

^ As 'nreirave-seeii, time bas^ upjjn the earth's rotation^ about 

^•.^ts axis is irregular. We have also seen that because of this irregu- 
lar rotation, the predicted times of certain astronomical phenom- 
ena such as the orbits of the moon and the planets are not always 
J in agiliement- with the observations. Unless we assume that the ' 
moon and all of the planets ate acting in an unpredictable, .but ^ 
similar, fashion, we must accept the only alternative assumption 
—that the earth's rotation is not steady. ' " 

Since this assumption seems the more reasonable — ^and has. 
indeed beenr substantiated by other observations — we should 
assume that the astronomical events occur at the "correct''\time, 
and that we should tie our time scale these events rather than to 
earth ^rotation. This w^s in fact done in 1956, and the time based 
on the occurrence of these astronomical events is called Ephemeris 
Time. - , 
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}. HOW LONG IS A SECOND? • 

. \ * The adoption of Ephemeri* Time had an impact- on tHe defini- 
tion 6f the second, which is the biisic unit for measuring time.' 
- -Prior to 1956, thVsecond Avas 1/86,400 of the mean solar day, since 
there are 86,400 seconds in a day. But we know that the second 
based on solar time is svariable; so aft^r 1956 and until 1967 th6 . 
definition of the second was based upon Ephemeris Time., As -a 
practical matter >t*was decided that the Pphemeris second should.^ 
' .^closely approximate the mean solar second, and so. the Ephemeris ' 
second was defined as very near Ijhe^mean solar -second for the 
-^'tropicar* year 1900. (Tropical year is the technical name/or^our 
ordinary concept of the year; it is discussed more fully oh page- 
r 67.) TJius two clocks, one keeping Ephemeris Time (ET) and 
the other Universal Time (UT), would have been ta close agree- 
ment in 1900. But because of- the slowdowii of the earth's rotation, 
<S _ UT was about 30 seconds behind ET by the middle of the century. 



Epheineris Time has the advantage of being uniform, and as 
fajr as We know it coincides with the uniform time that Newton 
^Had in mind when he formulated his laws of motion, big dis- 
advantage of Ephemeris Time is that it is not readily accessible 
because^ by its very definition, we must wait for predicted astro- 
nomical events to occur in order to make a comparison. In other! 
words, to obtain the kinds of accuracies that are required in" the V 
modern world, we must spread our astronomical observations over 
several /years.' For example, to obtain ET to an accuracy of 0.05 
second requires making observations over a period of nine years! 

UT seconds, by contrast, can be determined to an accuracy of . 
a few 'miIlise.con'ds in one day because UT is based upon daily 
observaJ:ions of the stars. But the fact remains that the UT second 
is a. variable because of the irregularities in the earth's rotation , 
Tate. What -was needed was a second that could, be obtained accu- 
rately in a short time. 

"Rubber" Seconds . 

Scientists *hadBleveloped workable atomic clocks by the early 
1950's with accuracies never before realized. The problem was that 
even with the refinements and corrections' that had been made in 
UT (Earth Time), IJT and Atomic Time will get out of step 



because of the irregular rotation of the e^rth. The need persisted^ 
for a time scale that has the smoothness of Atomic Time but that 
will stay jn approximate step with UT. 

Such a compromise scale was generated in 1958. The de facto 
definition of the second \^as based on atomic time, but the time 
scale itsdf, called Coordinated Universal Time (UTC) was to stay 
In approximate step witfrUT2. It was furthe^ decided that there 
wouy be the same number of seconds in each year. 

But this is clearly impossible unless the length of the second is 
changed periodically to- reflect variations in the. earth's rotation 
'rate. This change ^as provided for, and the "rubber" second came 
into being. Each year, beginning in 1958, the lengtb-^ofi^ie second, . 
relative^, to the atomic second, was altered' slightl/ with the hope 
that the^ upcoming ypar would contain the same number of seconds 
as the one just passed. But as we have previoui^ly observed, the 
rotation rate of the earth is not entirely predictable; so there is no 
way to be certain in advance that the rubber second selected for a 
given.year will.be right for the year or years that follow. 

In Anticipation pf this possibility it was further agreed that 
whenever UTC and UT2 differed by more than Vio second, the UTC 
clock_ would be adjusts ty Vi^ second to stay within .the specified 
tolerance. ' 

But after a few years many people began to realize that the 
rubber-secpnd system was a nuisance. Each year clocks all over the • 
world had to be adjusted to ruji at a different rate. The problems 
were similar to those we might expect if each year the length of 
the centimeter was changed slightly^ and all rulers— which were 
made of rubber, of course^had to be stretched or shrunk to' fit the 
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• 'c^timeter of the year/VNot qnly was it a nuisance^o adjust the 
clocks^ but in cases \^'here/Righ-quality blocks had to l;>e adjusted, it 
was a very expensive operation. The rubber second was abandoned 
in favor of the atomic second. 
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Atomic Time and the Atomic Second 

The ' developijient of atomic frequency standards (see page 
41) set the stage for a new second that could be determined 
accurately in a short time. In 1967 the second-was defined in terms 
of the frequency of radiation emitted by*a cesium atom. Specific, 
cally, international agreement, the standard second was defined 
as the elapsed time of 9,192,631,770 oscillations of the ''undis- 
^turbed" cesium atom. Electronic devices associated v^th an atomic 
clock count these oscillations and display the accumplating counts " 
in the way that another clock^courits the swings of a pendulum. . - 

Now the length of the second could be determined .accurately, . 
in less "than a minute, to. a few billi6n,ths of a second. Of cours%' 
this new definition of the second is entirely independent of any 
, earth motion; and so we are' back to the same old, now-familiar 
pro^^lem : Because of the irregularity of the eauth's „;rotation. 
Atomic Time and Earth Time (UT) will get out of step. ^ 

The New UTC System and. the Leap ^cond ^ 

' To solve the problem of Atomic Time and Earth Time getting 
out of step, the *ieap second" was invented in 1972. The lekp 
second is similar to the leap year, when an "extra day is added 
• every fourth year to the end qf February to keep the number of 
days in. the year in step with the movement of the earth around 
the sun. Occasionally an extra second, the leap second, is added — 
or possibly subtracted— as required by the irregular rotation rate 
of the earth. More precisely, the rule is that UTC will always be 
•>vithin 0.9 seconds of UTl. The leap second --is normally added to or 
subtracted -from the last minute of the year, in December, or ihe 
last minute of June; and timekeepers throughout the world are, 
notified 'by the Bureau. International .de THeure (BIH), in J'aris, 
France, that the change is tQ be made. The minute during which, 
the adjustment is made is either 59 or 61 seconds long. 
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In 1972 — a leap year^ — two leap seconds were added, marking it 
the "longest" year in moderu times. Only one. leap second was 
added in 1973, 1974, 1975, and 1976. ' • ^ 

THE LENGTH OF THE YEAR '^"""^ 

Up to this point we have defined the year as the time it takes 
for the earth to make one complete journey around the sun. But 
actually there are two kinds of year. The first is the sidereal year, 
which is the time it takes the ^arth |o' circle around the sun with 
reference-'to the stars, in the same sense that the sidereal dayjs 
the tim^ required for one complete revolution of the earth aroimd 
its axis with respect to the stars. We can visualize the sidereal 
year as thej:ime it woul(3 take the earth to move from some point, 
around its orbit, and back to the starting point — if we were ^vatch- 
ing this motion from a distant star. The length of the sidereal 
year is about 365.2564 mea^i solar days . . . Solar days (See page 61):' 

The other kind of year is the one we are used to ih evei^day 
life — the one that is brokeYi up into^ the fojir seasons, wg[is year is^ ' 
technically known as the tropical yem\ and- its duration is about 
365.2422 mean solar days, or al^out 20 minutes shorter' than the 
sidereal* yeaij. The reason the two years are different lengths is 
that the reference point in space for the tropical y^ar moves slowly 
itself, relative to the stars. The reference point for the tropical j 
year is the point in space called th^ vernal equinox, which moves ' 
slowly westward through the background of stars. The sketch -on 
page 61 shows how the vernal equinox is marked. , • ; 

The celestial equator is contained in the plane that passes 
through the eai'th's equator, whereas the "ecliptic" is in the plane 
that passes through the q^rth's- orbit around the sun. the verjial 
equinox and^the autumnal equinjox are the two points in space 
where the ecliptic and . celestial equators intersect. 'The angle 
fc^fitween the ecliptic and the '^cel^stial equator is determinedH^jcfeh^ 
tilt of th*e earth's axi^ of revolution to the plane of the ecliptic. • \ 
But why does the vernal equinox— and-^IsQ the^^mnal equi- 
nox — move slowly in space? For the same reason ^lihat a spinning 
top wobbles as it spins. The top wobbles because the earth's gravi 
tation is trying to pull it on its side, while the spinning motio: 
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produces a force .that attempts to keep the top upright. Together 
the two forces cause the top-^ wobble^ ''precess." ° ' 

In the case, of the earth, the earth is primarily the spinning 
top and the forces trying to topple it are the pujls qf the moon and 
the sun; the moon produces the dominant force. If the. earth 
were' a perfect sphere with' uniform density, there would be no 
such effect by the moon because all of the forces could be thought 
of as acting at the center of the earth. But because the earth spins, 
it bulges at the equator; and there is^n uneven distribution of 
mass, which allows the moon's gravitational field to get a "handle," 
so to speak, on the earth. The time for one complete precession is 
about 25,800, years, wl)ich amounts to less than one minute of arc 
per year. (One degree equals 60 minute? of arc.) But it is this 
. slight yearly niotjpn of the vernal equincwc th/t accounts *for the 
tropical year H^Ing about . 20 mintites shorter. than tke 'sidereal 
3?§ar; 

TH& KEEPERS OF TIME 

Whatever the time scale and its individual aiivanta'ges or idio- 
syncrasies, it 'is; of itself, simply a met^-stick, a basis for measure- 
ment. Before it's- of any value, someone must put iTto use; and 
someone must 'maintain and tend the- instruments invoked in the 
nieasyrements. For as :we've noted before, time is unique amont^^ 
. vihe physical properties in ^that it is forever changing, and the mi- 
tersti^k that measures it can'iKever be laid aside or forgotten about, 
to be activated only when someone wishes to use it. 
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One can^easure length, or mass or temperature of an isolated 4 
entity, without consider^on of continuity or nee'dihg tot?acc6ant 
for all of the space between two isolated entities'. But eVerj^ instant / 
of time,\in a sense, must be accounted for. If j\ month, a year, or a ' 
century jjdoesn't '"come qut right" , with respect to" astronomical 
movepaents, it won't do. simply* to ^top the clocks for the ^needed 
iod of time—or move them ahead a certain amount— an^d start 
er.^ Every 'single second has its name on it] and each one must be 



EKLC 



69 



accounted for, day after day, year after year, century^fter cen- { 
tury. There has to be' a general agreement among people and 
'aniong. nations^ on \Yhich time scale is to be used, and when altera- 
tions are \o be mad(sixi,''*the^itime." This is a much greater r^and " 
more elaborate undertaking than most persoijs realize. 

''The keepers of time make an im^piiant contribution to 
society, and. even in days past they w^re held in high esteem: 
Ancient legends of primitive peoples often pi>rt'i:ay the great posi- 
tion of honor arid trust occupied by the tender of the clock — atsQ 
' the ted^gus ahd; soiaael^imes irlcsome sense of responsibility felt by 

' the tender, and the ignominy and condemnation heaped upon him 

^hy his fellow tribesmen when he failed, in his duties. "The more 
\things change, the more they are the same." The* clock tender 
Itoday is in much the same position, for although what passes for 

,the "correct time" is all around us, all this information is ofdittle 
value to the man responsible for -maintaining the accuracy of "the 
clock" — or frequency standard. He must realize thjat his clock is 
an individual, unique in all the world, and that many operations 

. involving time, money, and^bther people depejid tipon how well he 
tends his clock. . ' 

\. Whether Hie clock in question is one that regulates th^ activi- 
ies of a radip or television station, tells the power company when 
;t's putting out electricity at exactly 60 Hz, or providing location - 
information on a ship at sea, the clock's "keeper" depends on a 
broader authority for his information. These authorities, are both 
national and international. . . \ 

O.S. Timekeepers . * « 

There are 'two, organizations in the United States p^marily 
responsible -for providing time and frequency information— the 
-National Bureau of Standards (NBS) and , the United States, 
. Naval Observatory (USNO), both organizations^^ithin the U. S. ' . . 
Government. • - . . « ' i 

As*.we have seen, the present UTC time scale has both an^ 
• agronomical and' an atomic coniponent: The length t3f tha;^second is 
determined by atomic observations, whereas the number of .seconds 
. - iti the yeai: -ife .determined byi) astronomical observations. The atomic 
cqmponent* can be divided into two p^rts — one part related to accu- 
racy arid another part related to st^bilitn^ . . * 

Very rougHly speakiijg, the^USJSTOis responsible for the U. S. 
contribution to the astronomicai part of UTC,' and NBS is respo^;i- -* ' 
siblefor the U. S". contribution to^he accuracy part of the atomic -j/ 
componenjJi or length of the second; and l^oth organizations provide 
rinpA related^to the stability partA'of the .atomic component. The ^ 2. 
Burelu International de I'Heure, <BIH) in Paris, accumulates this 
data from n^any laboratories and observatories, all over the^i, world 
sand ca^ulat^ "the tim^." ' ^' 

/ The NBS input is generated by a system of atomic clocks in : 

its l^^od-atbries in Boulder, Colorado. The feystenv^onsisis of a^pri- 
• mar^ frequence standard, which is^used to check^the accuracy q^a 
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number of smaller^ commercially-built secoirdary standards. The 
.secohdary standards run continuously and serve as a "flywheel" 
for the system, ^ . 

.' To carry put its responsibilities, the USN^'^a^s observar 
tions at its main facility in Wa^ington, D, C, as wellas in Rich- 
mond, Florida. The observations are made using a special telescope 
de^signed to measure the time when a ^ven star passes overhead/ 
By measuring the time between successive overhead passages of 
the star, the earth's rotation can be monitored and thus UT can 
be derived. To obtain the most precise measurements, a "photo- 
graphic zenith tube" is used. With this device, the star is photo-, 
graphed automatically on a photographic plate that , may contain 
the images of several stars, over one night's observation. 

The Bureau International de I'Heure 

■ In an attempt to create a world time scale, some 70 nations of • 
the world contribute data to the* Bureau Pnte^ational de I'Heure, 
(BIH) in Paris, France.: The BIH is the international headquar- 
ters for keeping time; and its responsibility is to take^ti* informa- 
tion provided by the. contributing 'nations to construct an interna- 
tional atomic time sc^^le, the TAI scale. Some nations, pro vide only 
ast|^omical information, others only stabiHty information; and- 
offiers provide accuracy, stability, ^and astronomical information. • 
The time as^determined by the BIH is just ^n average of dll the 
various nations' time. It is also the responsibility ^f the BIH to 
determine when a leap second must be introduced, ^ * 

From time to time NBS and other national tiiiiekeeprng 
authorities make very exact comparisons of their clocks with the 
BIH clock. And with this clock as an agreed-upon standard, it is 
^eoretically possible to keep all clocl^s in the .world syiichronized. 
But trying to realiz^ tlys possibility is'^a constant challenge. 
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A great many people carry "the time" around with them, in ' 
the^form of a wrist watch. But what 4f the wa,tGh 'stqf^? Or what ' 
if two wrist, watches show diffejrent time? How do the wearers \ 
know which is righjt—rOr whether eithei^ one is ij^o'rrect?'' - ' 
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Of course^ they may asj^a friend with a third watch — whose 
timepBifee nj^y or may noife^gTee with one of th§ first two. Or one 
. may dial the telejihi^tre^company time service^ or fferhaps set his 
wat*h when he hears the time announcement on radio or televi- 
sidn^ The "correct 'tiW" seems to be all around us— on the wall 
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.clock at the drug store ' or 'COurt house, the outdoor time-and-tem- 
; / psiature display at tHe local bank or shopping center. But a bit of 
' observation will show that these sources are not^ always in agree- 
ment, even within a minute or so of each other, not to mention sec- 
onds or a fraction of a second. Which onejs right? And where do 
these sources get the time? How do radio and television .station 
managers know what time it is? 

The answer is that there, are, throughout the^tld, special 
radio broadcasts' of accurate time information. ]\Mt of these 
broadcasts are at-frequencies outside the range of orffinary United 
r States- AM radio; so one needs a speciakradio receiver to tune in 
^the inforrfiation. Many of these shortwave receivers/are owned by. 
:radio and television^ations, as well aSiJjy slrientific Ik^opatojies'in 
industry and government, and even by private citizens, such as 
boat owners, \fIio need precise^time information to navigate by the 
stars. , ' * , 

Of course, we come to the ultimate question: _Where do these 
'special broadcast stations go to find the time? And the answer is. 
Lthat many nations maintain the tin^fe by^ using very accurate 
atomic clocks combined with astronoinical observations, as- we dis- 
cussed moxe fully in the previous»chapter;* All the time information 
^rom these Various countries is constantly compared and combined, 
to provide a kind of "average world time," UTC, which ij thea. 
brbadcast by the speciaJ, time arid frequency radio stations located 
\xy various parts of the world. . 

FLYING CLOCKS 

Keeping the \tprld's clocl^ynchronized, or runnings together, 
is an unceasirlg challenge. One of the most obvious ways to do it is . 
simply to carry a thi^^ atomic clock between the master clock^and 
' the users' clot3}ft^|Fhje i^^ the synphroni^^aijori'?}'^^^^ s 

\ , manly on the qualSty xyf the^^lock' carried between the two- loca-' 
t!8ns arid th| time it tekesjt^^ l^ually the clock travels 

by airplane, carefully tende^t ^fctimes by a team of teclihicians, 
Typic4}y^ «ie best qu'alitJ?:^^ortible. atomic cesium cloclw mi^ht 
drif^,.ifetween 0,1 and 1.0 ilii'croSecond per dciy. Carrying these 
portable, atomic docks- is .'one of tha main inethods for comparing 
the tmie.and frequency standards of the various nations with thfe " 
BIH, * ' . ' , 

'TIME ON A RADIO BEAM ^ 

-As e^rly as 1840^jt ^^ccuw'ed^ the English ijiventor Alexan- 
der BainJkai:itjvmuBJ)e^^ time signals over a wire. 
'Bain obtained set^eral patentl|vbit^ was not until a decade or so 
/later that any serious m-ogres's ^was made in this direction. But. 
- before .the middle:of the/19tH century the railroads were sprca'ding ■ 
• everywhere, and their' need for better time information -and 4is- 
seminai:ion was critical, A^ the telegraph, system [developed by 
Samuel F, B, Morse gi'^v with the railroads, §ysteihs wer^ devel- 
.oped to relay time signals by telegraph, which .automatically set 
clocks in all.majorraih'oadxlepots, * p . 
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During the early part of the 20th <S§rittiry, with the develop- 
^ ment of radio, broadcasts _ of time information were initiated. In 
1904 the United States Naval Observatory (USNO) experimentally 
broadcast time from Boston; and by 1910 time signals were being 
broadcast from aii antenna located on the Eiffel Tower, in Paris. 
In 1912, at an international meeting held in Paris, uniform stand- 
ards for broadcasting time signals were (/iscussed. 
\ , In March of 1923, the^National Bureau of Standards (NBS) 
began broadcasting its own time signal. At first f here were only 
standard radio frequencies, transmitted on a regularly anhounced 
schedule from shortwave station WWV, located originally in 
.Washington; D.4ii^6ne of the main uses of this signal was to allow 
\ radio stations to keep on thefl:- assigned frequencies, a.difficult task 
. ' during the/ early days of radio. In fact, one night i^.the 1920's the 
dirigible Sl^narwfoaA. ^became lost in a winter storm' over the east- 
ern seaboffiQi, and it -was necessary for the NeW York radio sta- 
tions to suspend transmissions so that the airship's 'radio message 
could be detected. ^ " \ • . - 

WWV was later mAwd outside Washington, D. to Belts- 
-ville, Maryland; and^in 19^6^to its present home at Fort Collins, 
Colorado, about 80 kilometSars north of' Boulder, where the NBS 
Tirbe. and l^x^qCiency Division is located. 
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• ^st6r station, WfWVH, was installed in Maui,* HawAii,; \tx 
1948^''%i> ^rch^i'de similar services, in the, Pacific ^re^ and Western 
North .Aiherica. In July 1971, WW.VJI-. w^s'nioyed 
Itelcaha on the, Island of Kau^i, in the weste/n partv of the' 
Hawaiian Island chain. The 35 percentancrease in area cbverage 
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achieved by ' installation of new and' better equipment extended 
WWVH service to include Alaska^J- Australia, New Zelfeland, and 
Southeast Asia. , ' ' 

Throughout the years NBS has expanded and revised the serv- 
ices-dnd format of its shortwave broadcasts to* m^t changing and 
' more demanding needs^o Torday signals are ti^oadcast at seve||>^^if- 
ferent frequencies in thfe 'shortwave- band 24 hours a day. ,The 
signal format provides a nurrtber of diff^nt' kinds of itiformation, 
such ats standard i^sical pitch, standard time intei^val, a time 
signal both in the /orm/of .a\voic^.annou^^^|^ei\t and a time code, 
information about radio broadcast conditions, and even weather 
information about major storm - conqlitions in the Atlantic and 
Pacific areas from WWV and WWVH respectively. . ' ' 

The broadcasts of WWV may also be jheard via'telephone by. 
dialing (303) '499-7111; (BoiiWer, Colorado), The telephone user 
will hear the^live broadcasts as received by radio, fn Boulder, Con- 
sidering the instabilities and variable delays of propagation by 
.radio and telephone combined, the listener should jiot iexpect accu- 
racy of the telephon^ time sisals to better than %o of ^ second. 

NBS also broadcasts a signal at 60 kHz from radio station 
WWVB, also'Jocated in 'Fort Collins, in ^ the' foi-m of a time. code, 
which is intended primarily for domestic uses. T^is sta^i^ pro- 
^vides better, quajity frequency information because atmospheric 
propagfiCtion effects are relatively minor at 60 kHz (see Chapter 9) . 
^ The time code is also better suited to applications where autoiiiatic 
equipment is utilized. ' v ' . - 

The USNO^ provides time and frequency information via\ a ' 
number of U, S. Navy comrnunication- stations, some of wKiSi ^ 
operate in the Very low frequency (VLF) range. The U. S, .Navy 
has also been- testing experimentally , the possibility of ^diss^minat-^. 
ing time inforniatioli from satellites^ as has NBS (soe page 141) .- 
At present, there are over BO different radio stations through-' 
out the world thalfbroadcast standard time and frequency signals. 
And as \ve shall see in the following discussions, other broadcasts' 
— particulg^y thog»«;jfrom, radio navigation systems — are* also 
sources .of time anoTitequ^ncy- information. But fi^'st let's, discuss 
the basic.charact^ristics of radio time^ignalS. ' • ^, 

Accuracy i : ■ ' > 

The^ basic limitation in sho^^twa vet radio transmission of time- 
information's th^t the information received lacks, the accuracy of 
the.inforniation broadcast, Th'&- signal broadcast takes, a small but 
definite time to rfeac^h th^ listener; when'tb^ listener hears that the 
time is 9:00 A^M., it is. really a ye'ry small fraction. of a second 
, after 9:00 AM, If he knows how lomg.it^kes for ther radio 'signal, 
to reach* him, he'c^n aFlow for the. delay 'aYid corre'bt th^s feading . 
according!;^ But where -extremely accurate ti^ information is-- 
needed, d^el-mining the delay »j)reciseiy'* is a -difficult problem 
bec§^p the signal does not normally travel in* a direct line to, the 
listSrer. Usually it corfies to him by bouncing along a-zig-zag path * 



between the'' sfliif ace of th*e earth and the ionbsphe^T^wnich is- a 
Jayer of th^ Upper. atmospheriB that acts like a mirror! for radio' ■ 
. Waves. - ; : ■ '--.J. T \ » ; •;• ^ I ' - ' Ilk}- 
^'he^ height of 't^iis reffective layer . depends in' a complicated 
way upon the. season ^o^^the yjear, the sUnspb't activity on .the sulti, 
thje tini"e:of day/ and many other subtle effects. So'the height of 'the 
^reflective layer changes constantly in a way^^hat is^ot.easy to pre- 
dict, ai«3 thus the path (leJay in the signftl^is also difficult to predict 
orevalua^te. ' ' ; ' • i\ . _ 

Because 'of these unpredictaDblie^'gifF^^I^^^ is dj^ficult to receive 
time by shorhvave radi^ with •ari.safep'i^ orie- v 

thousandth of >a ^second. Eor t^*^^^^^^ of ajaout 98 ^ 

p^cent of time-information users; i^iis-de^g^e ^f accuracy js more 
; than adequate,^o:^ course. 'But 'feere- a?:e^iii^ important 
applications~rsuc#'as the high-speed conimuniCatiorls^ systems .dis-' 
cuss.ed in Ch^ter 11— where time J^iust b^/kWwn to one-millionth^ 
Qf a^second, or even better. * ' \ ' . V' . 
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; ' The fieed for greslter accuracy has led to seyer>a1 .schen^es fot 
overcoming the problem of Jhe unpredictable i^atk"^^^^ ina^ad of 
trving to predict or cafcul^t'e thedelayi for e:fr&mple/we cazii'^impjy 
mieasure i;t. Onje of the most :common wayfi^jio dg^this is to transmit ' 
a signaffram the master clock, at a knowri J^istant of time, to tbe 
location we wisH t<^ sypchi;onize. As soon ^ the signaJ is received ^ 
at the remote locatipn,, it is transmitted ^ack iQ the master clock. 
When "ihe signal /arrives! back at its/p<^int -'(^f^ c^^^ note itfe ./: 

arrival time. Then by subtfkcting th^. timV9f transmis§iqn from 
the time of return, we can com'pute'the rounds-trip time, and the- 
one-way-trip time by divijding this figiu-e by two. 
, ' As is usually- the cas^, hioweyer, , we don't get^'soniethiyg^'for 
nothing; welve ]iad to install ,a transmitt^eV afethe receiver locat'iim 
to make the measurement. One of the mdstJmportant applications 
of this particular approach; has been to ^us^ a^satellit^ to. relay 
sigrnals backhand forth between'the locations/ we wjsh" to synchror 
nize. *. * ^^ / - ' . ; ' / ^ - * : : c '* . 
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'Coverage 

. . Atcuvacy is oiilyoiie of the i-eqiiirenienH'H^'a' iisab]e,time-in- 

V- — ■' — -v'J^it* time source. , 

tliat could .make its in'formatitm i<iiowiN)niy a hundj;.(l^ miles away 
•would be of- limited use; sometimes it's important to make, the 
■same information simultanebusl^^jmiilabie almost throughout the 
. world. Dlirinprthc International GeoplTvsicalYear/startin^tt 
of 1957, for example, scitnitists' wantedN^iow how certain geo- 
physical events i)rog-ressed as a function of time over tiie surfape^ 
of tiie earth. Tliey wanted to fnid out, among other things, 'how'a 
large burst of energy from the hv afTected radio communications . 
on earth, as a function' of time and location. Sue if information not 
only lias practical imi)ort;)-nce for local ;uid \^or]dwjde communica- 
tions, but it also provi^les data to develop theories and to decide 
between proposed theories. ', . _/ 

Unfortyiiately there was not— and still is not— arty 'c^rSlystem ' 
that provides «adequate-^flHwide.coveragp. Different users have to 
use different systems with varying degrees of success'. And-there is 
always tlr^^- important question,; of how accurately the various sys- ' 
tems are tied to each other. Although it may be possible to recover 
the time from two differet^t systems quite accurately, the end ' ' 
result is. still no b'fettpr than' the degree to wfiich stations' are syn- - 
chronized to each other. . ■ '■ . 

Reliability. i.''"^' ' 

ReliabiIity;j^ }iiKxther important factori Even if the transm'it- 
ting'station is almost, never down because of technical difficulties, 
radio signals fade' in -aiid dut-^r the reeejver. Most of the well- 
known standard time and freolfericy broadcast services are in the 
shortwaye'band,' where fad?!i|^ca'n be'^ severe problem'^-To return - 
to our s'cientist of t^.. Geophysical Y^-, he may want toimake'a 

crucial measurement duFing, say, an earthquak^; any he discovers' • 

" ■ ----- . ^ , 

A 



• Af~yf kJUJ ^ tfcXl V^UX \J 

that there is no availably radio time signal. 




. Of ^urse, most -users are aware of ^lis difficulty ; so they try 
to protect^themselves against such/loss' oSf information ^ by 'main- 
taining a (51ock at th^r own location, .to interpolate between losses 
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of radio sij^naks. ^'Or .more usiiafly they routinely calibrate their 
clocks.oncc|si day uite'iw-eiiable radio sigfnals are available. 

At the broujjcast station an attempt i,s made to overcome loss 
of its si^ri;i'lk^by broadcasting the- time on several different fre- 
quenciea^jit" once. The iiope ii^' that at least one signal will be avail- 
able most bt the time. , ' - '7 

• ' V ^ ' 

Other Considerations - , \ 

Percent of iime available refers mainly to systems that i>re 
not particiilai>ly subject tOvsignal fading but arc off the air part of 
time. For example, if we l)»i'oadcast trme over a. commercial TV 
/sthtion, say, once every half hou\ we can be pretty certain that 
the signal -will be there' when it iS supposed to be. But since TV, 
, stations are' off the air during lat^-night and early-mornuig hours, 
the information will not be available 100 percent of^fhe time, ^ • 

Receiver cost is another factor that the us^\ must consider in 
his choice of systeip. No system 13 ideal for all users or in all cir- 
cumstance^?. And asMs generally the case in most choices, one has 
to accept some limitations in order to get the advantages most 
important to him. ^ 

- ' .Anibif/utty refers to the degree to which the time^signal is 
self-contained. For example, a time signal that consisted of ticks at 
one-minute intervals would allpw* the* user to set the second-hand 
. of his watch to zei\> at the. correct moment; but it wouldn't tell him 
at what minute to set 'the minute hand. On the other hand, if the 
minute ticks were preceded by a voice announcement that said,''*At 
. the tick the time is 12 minutes after 'the hour,'' then the listener^ 
could set both his second liand and his minute hand, but not His^ 
hour hand. " . . .. * - • ' ^ [ 

For the most part, shortwave i;iidio broadcasts dedicated |)ri- 
marily to disseminating time, are relatively unambiguou^^* the 
sense that they broadcast day, month; 'year, hour,- minute, and 
second information, fn s6me otheu services one assumes that the 
user knows what, year, month, and 'day it^is. Other systems, partic- - 
ulajrly navig^tiQn, systems^ (see page lO^), that are sources of time 
information, are' usually more aipbiguo'us ^betause their signals are 
primarily ticks and tones; and the user^ must 'have access to some 
other time signal tp remove the an^biguity. ^* . 

OTHER RADIO SCHEMES . . % ^ 

i ^ - I* 

• \ .^In addition to the widely used shorjj^ave broadcasts of, time 
inJormatioi^, thei'^>exist 9ther radio systems that can be used to 
retrieve such information. Low-frequency navigation systems, for 
instance, i^lthough they were built and are operated for . another 
purpose, are. goocj Sources of time information because their sig- 
nals are referenced to high-quality atomic frequency standards andV 
to "official" time sources. V . * ^' 

i- At the other end of the frequency spectrum, television broad- 
casts prbvide a source of extremely shal-p, strong pulses that can 
readily be used to synchronize any number of clocks. Actually c{7iy 



kind of radio %gnal with some identifiable feature that is "visi- 
ble" at two or more places can be used, to synchronize clocks, as we 
shall see in the next-chapter. Of course, clocks can'be Synchronized 
without necessarily telling the ''correct"- or st^andard tim^ But if 
any one of the clocks being Synchronized has access to standard 
time (date), all other clocks — givep the necessary equipment — can 
be synchronised to it. • . . . • ^ • 




The broadcast frequency oi a radio sign^. has a g;reat deal to 
do with its usefulness. Systems oth^; than the shortwave -system 
have certain- advantages-^ut also distinct disadvantages. We shall 
say more about this in theiRxt chapter. ^ 
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THE 
TIME SIGNAL 
ON ITS WAY 



We've already realized that information . aboiif the '^correct 
time" is useless unless it's instantly available. 5ilt what, exactly, 
do we mean by "instantly," and how -is it made available .to eyery- 
^ one who wants' to kno\^lvhat time it j[s?'What x:an happen to this 
;^nformation on its way to the user, and whM can be. done to avoid 
^ some of the bad things^ha^can and do happen?\, ■ . 

, • ' ' r ■ - ^ ^. ' ^ ' ' ' 

V CHOOSING A RADIO FREQUENCY , ^ , 

> Tl\e frequency of a rac^isignal primarily determines its path. 
The signal niay bounce b^|p^tiiiid forth between fhe j'onosnliere and 
• the surface of the earth,'or creep along the curved surfacfe of th# 
earth, pr travel in a straight line — depending on the frequency of 
the broadcast. We shall discuss the characteristics of different fre- 
quencies, beginning with the very low frequencies and working our 
way up to th6 higher frequencies; 

^ Veiy Low Frequencies (VLF)— 3 - 30 kHz. 

J The big Advantage of VLF signals is that one relatively low- 
, powered 'transmitter codld provide worldwide civeragfe. A number. 

of' years ago, FVLF signal broadcast incrthe mountains near Boul- • 
;*;der, Colorado, was detected in Australia, even though the 'broad- 
cast signal strength 'was less than 100 wartts. The VLF signal trav- 
els great distances because it Bounces back and forth betweifi" the 
earth's surface -and the lowest layer of the iojlosphei:e, with very 
little ofjts energy being absorbed at each reflection. < ' " 

' • Another *'good thing about^ VLF signals is tHat 4ief^e not 
strongly affected by irregularities in the ionosphere, which js.npt 
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true in the case of sfiortwave transmissfons. This is sa becf\uSe the 
s\ze of the. irregularities in this ionosphere "mirror" is generally 
small compared to tl^e^engtll of the VLF radio waves. For exam-» 
pie, at 20 kHz th!)&j;^i(lio fl-equ^ncy wavelength is 15 ki^meters. 
vThe ejffect is somewhat the same as the unperturbed motion of a 
large ocean liner through slightly choppy seas. 

^ But VLF also has serious limitations. One of the big problems 
is that VLF signals cannot carry^ very much information beca^Jose 
the signal" frequency is^s^low: ;We cahnot, for example, broadcgjst 
a 100 kHz tone over a broadcast signal operating at 20 kjlz. It 
would be like trying io get niail delivery ten times. a day when the 
mailman comes only once 'a. day. More practically, it mekns that 
time information must/ be broadjcfast -at a \ery slow*<iratefijrt||^ny 
schemes involving, audio frequencies; isuch as yoice a;qriqhiK^^^nt- 
,^0f the tim'e, are not practical. - . , T^(r ' 

■ We mentioned that VLF signals are n^t particiiia^y affeojfe^ 
by irjegularities, in the ionosphere^^^so; the^path. dSlay i§/relativj^Ij^ 
stable:- Another important fact is i^l^t 'the ionosphericlreflecftcM 
height is about the same from or\e day to the next at the Ikme time:r 
bf day. Unfortunately, though, calculating the path delay at VLF 
is a complicated and tedious procedure^ ' ^ ' . - , 

One last curious thing about VLF is that the receiver is better 
off if he listens to signals from a distant station(^an from nearby 
gtatiolte The. reason is'jfehat near the station he gets two signals—' 
one t'hat is reflected from thejonosphei-e fsky wa^e) and another 
that is prppagaied" along the' groUnd, And what he receives is the 
sum of these two^signals. This sum f ari'ei hi a complicated way as 
a "funGlion bf time and distance ^rom the transmitter. So the 
listener wants to be so far from the transmitter that for. all prac- 
tical purposes the ground wave has died out, and, he doesn't have 
to deal with this Complicated in-terf-erence pattferni <^ ^ • 

Low Frequencies (LF) — 30 - 300 kHz 

In many respects , signals have'^properties similar to VLF*. 
Of -course, the fact "thM^thfe' cameo- 7fi:e(jiie higher means 

that theMnforril3&tfon^carr.yin'g^^'a^ the sigrirt is potentially . 
higheralso. .. ' -^j '"'^ J f'"*' ^ 

. These higher ' carriei*^frequencies hay^e -^llow^d^ the develop- 
ment of an interesting triclf t6 improve the path stability of sigr 
n^s. The scheme was ^ev^elop'ed for the Lbran-C navigation system 
(See pageai^J,61-163) at 100 kHz, which is also used extensively to 
ol^tain time infornrjation. The* trick is to serfd a pulsed signal instead 
ofVa continuous signial: A. particular burst of signal will reach the 
obsen^er l^y two diffet'ent paths. He will first ape the. ground wave 
signal that travels along the surface of th^eai-ih. And-^ li'ttle later^ 
he^will see the saine l^urst of signal arriA^ng^via reflfectTori'-firom'^ 
the ionosphere. " -V ^ . '^"^^ ' 

■ At .100 kHz, the^grbunS' wave an'^VCs abou\^3^ i^yiC^gpjl^Qnijs 
ahead of the ionosp^lieric wave, and thjs is u^uaUy. i^^^^sj^^ 
.measure the ground' wave, uncoatanura^b^ 




firround wave is quite stable in path delay, and the path-delay pre- 
diction isC* considerably less, complicated than when one is working 
with the sky wave, ' ' ' / 

Beyond about 1000 kilometers, howeVer, the ground wave 
be^meg so weak that the sky wave predominates; and at that 
pdBft we are pretty much^ back to the kind of problems we had 
vmmSTLF ^igftals. 

Medium Frequencies (MF)— 300 kHz -3 JMHz 

We are familiar with the medium-frequency band* 

because it contains the AM broadcast stations of this country. 
During the day the ionospheric or sky wave is heavily absorbed, as 
it is not Reflected back to earth ; so for the mpst part,' during the 
daytime we receive only the ground wave. At. night, however, there 
is no appreciable absorption of the signal-, and these signals can be 
heard at |n:'eat distances, _ 

\)ne of the standard tinie and frequency signals is at 2,5 MHz, 
During the daytime, when the ground wave is available, the Japa- 
nese report^btaining ^-microsecond "timing accuracy. At night, 
when one i^eceiving the sky wave, a few milliseconds is^J^out the 
limit. It is fair tcf say; however, that this band has not' received a 
great deal of attention for time di,psei*iination, and.there may. be 
future promise here. • - ^ \ ^ 

^ If gft^^requencies (HFj— 3^- 30 fAHz^ ^ ^ 

* 'The HF-band is the orxe we usually think of when* we speak of, . ' 
the shortwave band. Signals in^this region ax'e generalfy.not heav- 
ily absorbed in reflection t^om the ionosphere. Absorption becomes 
even less severe as we mo^e towkrd the upper end of this band, > 
Thus the signal may be heard at^ great distances from .a tranftnit- 
ter,*bu^ it- may arrive after many reflections, sd accurate delay pre- 
diction is difficult. • 0 ' ^ 

Another difficulty is thatj in contrast to VLF^ waves, HF wav^i 
lengths can be of the.same order, or smaller, than irregularities in 
the ionosphere. And 'since these v irre^arities are constantly 
changing their shape aifd moving aroundl the Signal strength at a 
particular point will fade in and out in amplitude, -Because of, the 
fading and/ ^ie^->cqntinuous>^ change in path delay, accliracy in 
timing is-again restricted to about 1 millisecond, unless on^ is near 
. enough to the transmitter to receive the ground w^ve. 

Most of .th^ wQrld's we^ll-known standard time and frequency 
Broadcasts are fn this band, . 

Vei7.Wgh Frequencies (VHP)— 30 -300 Iftrt^^ 

From apro'pagation point of vi/w/ one 'of the mosti important . 
. things that happen iii the VHi" "b'^i^^'is, that the signals are often 
not reflected back 'to the surface of ^the . eartti, but 'penetrate 
.through.' the ionosphere ^^nd propagate tp outer space. This means 
that w^ can feteive -only tKose, statioris'^'that are xh line, of sight, 
and ^plains why we do 'not- normally receive distant TV stations, 
TV;sigTials b^in^' in this band. It also means that many different 
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LIMITED 'TO .UWjr OF SIGHT. . 
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^ * . signals can be put on the same channel, and th^re is little chance 

of interference as long as the stations are separated by SOO.kilo- 
^ niaArs or more. * 

• V ' -ETTrpm a timing point of view, however, i:his is bad; for if we 

wanf to provide worldwide — oi* even fairly broad — coverage, many 
iStations are required, and they must all be synchronized. 0^ the 
other h^nd, there are advantages to having no ionospheric signals 
* > because thi^ means that we can receive a signal uncontaminated by 
sky wave. We can also expect that once we know the delay for a 
particular path, it will remain relatively stable from day to 3ay. 
.' A third advantage is that because carrier frequencies are .so 

" 'high, we can send very sharp rise-time pjilses,* and thus dan meas- 
ure the arrival time- of .thev signals very precisely. Because of the 
sharp rise time^,of signals and the path Stabilitj^; timing accuracies 
in this region a<e very good. Microsecond timii^g is relatively easy; 
and if some care is taken, even 0.1 microsecond can be achieved. 

At the-time of this writing the master clock at NBS in Boul- 
der, Colorado, is used as a reference" clock for the standard time 
- and frequency broadcasts from^ WWV near Fort Collins, some 80 
' kilometers away. A TV signal is used to maintain the link between 
>^ ' Boulder and FortXollins with- an accuracy of a small fraction'of a 
<r' ' microsecond, ^e system is explained more fully atttbe end. of the 
n^t chapter. • ■ ' 

Frequencies Above 300 MHz ' 

' The main characteristic of these frequencies is that like VHF ; 
frequencies the signals, penetrate into outer space, so systems are- 
limited ,to line-of-sighli. There may' be. problems causec^ by small 
7 irregularities in, the path — or "diffraction effects," ^a^^ they are"* 
commonly called — similar jto such effects at optical, wavelengths. 
^ ■ " Nevertheless; if a straight shot to the transmitter is available, we^ 
can expect good results. \ ^' 

Above 1000 MH? weather may product prSblems J this is espe- 
Kcially significant in brbadcfisting' tinle from a satellite, where we . 
. wish to minimize both ionospheric andlower atmosphere effects. . ' 
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NOISE— ADDITIVE AND MULTIPLICATIVE 

• We have been discussing different effects that we should 
expect in the various frequency bands. We should differentiate, 
explicitly here between two types of effects on the si^als.^ They 
are called "additive noise" £\nd ''multiplicative noise." "Noise" is 
the general tenn use^d to ^describe any kind of interference that 
mingles \vith or ^distorts the' signal transmitted and so contami-V 
nates it. , . . • . 

Ad(Jitive noise is practically self-explanatory. It r^fe'rs to 
noise a^ed to the signal that redutef;^^ its usefulness. For example, 
if we were listening to a time si^al that wa^s perturbed by radio 
^ noise caused 1^ lightning or Automobile igniWn noise, \ye would 
have an additive noise pi'obFem. ; • ( 

Multiplica'tiye .i^isels noise in the sense tnat something ha^ 
pens to the signal to distort it. A simple illustration is the distor- 
.tion bf one's im^^ge by a mirtor in a fun house. None of the light 
or signal is lost-4t' is just rearranged so that the original image is 
distorted. The same thing, can happen to a signal as it is reflected 
by the ionosphere. What was transrmitted as a nice/ clean pulse 
may, by the time i^ reaches the user, be smeared out or distorted 
in some way. The amount of energy un the pulse isfthe same as if 
it had azTi ved cleanly, but'^has been rearranged. 




ow can we overcome noise ?^ With additive noise, ttie most 
obvioustKing to do is to increase the transmitter power' so that the 
received signal-to-hoise ratio is improved.'|^nt)i|ier way is t(i divide 
"thie av^^lable energy and transmit it on^ stpver^'*different frequen-- 
)Cies at once. It may" be that .Cne 6f these freCtirencies is exti:emely 
free from additive noise. Another possibility— quite often used— i^ . 
to "average" the signal -We can takd^ a number of observations, 
iterate them, and im^ye our result, ;This works 'because the . 
infm^^^tion on. "the sign^s isvnearly ^he sa^'me all the time, so^ the'- 
'sigffel keeps,,b.uilding,up; but the noisejis, in -general, differm^ 
f^m one instant to. jifie neArflTe^foiiie iy tends to cancel itself out!^ 
'^i^^ mijtliinlic|tTive nofee it dbe^^a^Aelp to increase the4;rarisr 
, njit^iV. power." Td returi^ tb oiir prevtous .illustration, the^mage ; 
frofn*'^ fui^house mi)y:^or will be jifct sis Ji$tprtM whether" tKe 
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vieweV is standing* in bright li|:ht^or "in dim ligkt. Most of the 
Strategies for overcoming multiplicative noise come under the gen- 
eral heading of diversity — speci^gally. space diversity, frequency - 
diversity, and time diversity, . '-^c^ ' • ' 

• Space diversity means that we measure [ 
the Incoming signal at several different 
locations, but not just any location. The 
locations must be far enough apart so 

* . that we are not seeing the same distortion; 

what we are attempting to do is to look for* " 
v \ elements in the . signal that are common ■ 

to all signals. In other words; if we look at . 
, ^ the fun-house mirror; fr,om several different 

locations, it is the distortion tliat^anges, <. / 
not dur body. And maybe by looking^^^fhe 
mirror from several ^different locatioi^Sve 
can get the distortions to cancel out, 
leavinjg the true image. 

• Frequency diversity means simply that we 
^ send the same information on several dif- 

^ ^ erent frequencies, again hoping that the . . 
signal, distortion on the different frequen- 
cies will be sufficiently different so that we ^ 
can cancel them out and obtain the true . 
signal image. " . ' 

•^Tjme diversiity means that we. send the 
. . - I same message at- different f/mes, hoping 

.1 that 'the distortion mechanism will h^ve 

„ changed sufficiently between' transmis- 
sions^for uS to reconstruct the ^original 
signal,' 
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THR£E KINDS OF TIME SIGNALS 

' There are basically three different kinds of signals that we . 
can use to get time information. The most obvious is, of course, a. 
signal that was constructed for this very purppse, such as a broad- 
cast from the. National B^eau^of Standards (t^BS) shortwave sta- ' 
tion WWV, or perhaps the time announcement on the telephonp. 
The obvious utility of this method is that the ii^rmation comes to ^ 
us^ in a relatively st^ightforward w^y, and we hav& to do very 
little processing. * ^ ^ 

A second way is to listen to some signal that has, time infor- 
mation buried in it A good example is the Loran-C navigation • 
system. In this sy|tem the pulsea emitted for navigation are 
related, in a very plp^ise way to atomic clicks that are all coordi- 
nated, throughout the system. Although we may not get a pulse 
exactly on the second, ipinute, or hour, the Emission times of these ^ 
signals are related precisely to the second, minute^ and hour. So lb 
use^ Loran-C. for . tinie^dnformatioTi v{e mi^t, of .course, mkke a'^ 
measurei«i^iit of the.arrival* tim*e of a pytee or pulses «with respect,' 
t^oui^iown tlQck/Anafvve must also have 'information that tells us . 
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how the. puIseS i\re related' to the co^itrolling cIock.' THis informa-.' 
. 'tion is, In fact, ayailable about Lqran^i.C- from the. United States 

Naval Ob^erya to py (USNO)/ - . ^ 

A \ Finally, \ve can use a radio sigtial-for synchronization withoWt 
any specific effort by those operating, tfie tmnsmitter to provide 
such information — or even knowing that it % being so used. The 
process is called the ''transfer standard'' technique; and it is used, 
for example, to keep the radio emissions from the standard time- 
and-frequency shortwave radio stations at Fort Collins, Colorado, 
^ referenced back to the atomic clock system' and National Fre- 
' quency Standard _at the National Bureau of Standards Laborato- 
y'ies*80 kilometers away, in Boulder. ' -^^^ • 

Let's see. how the method \Vorks. A O^y signal consists of a 
numbeij of short signals in quick succession/ with each short signal 
responsible for one line of the picture on the TV screen!. Each such 
signal is about 63 microseconds long, and each is pre^^ded by ft 
pulse that, in effect, tells tile TV set to get ready .jfoiithe_ next line 
of information. Let's suppose now that we^ recorded the 'arrival 
time of one of these get-ready pulses^^ ''synchronization pulses," ' 
as they are called — with respect to ou'rTlock in Boulder. Let's sup- 
pose that someone at the station in Fort Collins also monitors the 
'arrival time of this same pulse with respect to the clock at Fort 
^Collins. • • ; 

The TV stations in ttiis area are near Denver^ which is closer ' 
to Boulder than to Fort Collins. So we will see a particular "svnc 
pulse" in Boulder before it is seen^in Fort Collins, because of the 
■ extra distance it must travel to^reach Fort Collins. If we assume 
that;\ye, have measured or calculated this extra path delay, we see- 
that ^ we are in a position now to check the clocks \Xi Boulder and 
Fort Collins against each-o^er. ; • 

•It could work like thisT^Th^man who made the measur^Jiient 
in Boulder could call his fellow m^i^rer in Fprt Collins, and they 
£puld compare readings. If the two^(^ks.are synchroriized, then 
^ the Boulder time-of-arrival measurement subtracted from the Fort 
Collins- time-of -arrival measurement sho^uld equal the extra path 
delay between Boulder and For"t CoIIins^If the measur'ementMs 
^either gi-eater or smaller, then the two clocks are out of synchroni- 
: ?a^on, and by a known amount that can be fb^i^nd simply by sub- 
trac/ETn^ the known path delay from the measured difference. 

We have seen that any kind of radio signal with some identifi- 
able featui;e that is visible at two or more places can be used in 
this way to synchronize clocks. As we've mentioned,, though, a TV 
signal provides a remarkably sharp, clear signal, free from' prob- 
lem's inhere;;rt in any system that bounces ^signals off the unpredict- 
able ionosphere. But of course its coverage^^is limited to a radius of * 
aboiit 200 miles from'the TV station. 4^ ^ ^ 

: . Finding Out what time it is can he very- simple, or . very com- ' 
plicated, 'depending on ithere onyis wlien: he needs to k^iow th^ 
lime, and how accurate a time he^needs to know. ■ r ' i - ' . 
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STANDARD TIME 
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it "the time" when 
It lasted depends' on* 



'Our discussions of time have /shown tft 
something hapljened of the 'leiigth" of time 

the sca;le used for measurement. ''Sun iime" !ds. different fromf^star^ 
time," and both differ from.'^atomie time." Sun time'at^0ne loca-^V 
tion is inevitably different from sun time only a few kilometers-^r 
* eve^i a few meiers— east or west. 

A factory whistle blowh at 7:00 in the. morning, noon, 1:00 " 
and 4:00 P.M.,^<f tell workers when .to start aiid stop their;-day^s 
activities served many a community as its tim^ standard for many MORVJ/W^ 
years, it didn't matter that ''the tinie" .wa§ <Iifferent in each com- ' . 
munity. But iji today'^ complex society, with its national anji intea:- 
national networks of' travel and communications systems, it's 
obvious* that some sort* o^, universal staiidard'i^ essential. The 
establishment of Standard' Time As much more recent^than many 
persons reaMze. — . > ^ 

STANDAPD^ TIME ZONES AND DAYLIGHT-SAVING T^ME 

In thHl^^r part of the 19th .century ^ traveler star^ding.ip a 
busy railroaastatiS^i could set his pocket watch :to' any bne^ of a 
number of (Clocks on the station wall; each clocl^BiMte'd. the*^ 
''railroad tiriie";^or its;^n particular line. In soh|^H||P there 
Were .literally : dozens of differeht ■''bffiici^r' times-y-ulH^ one ;^or 
i each ^jor x^ity— an^ o^J^cr^^s-countrjf railroad'trlp the tiravekr 
would have ta change hi^patch 20 times'pr so to' stay in step'^wh 
J:he ''railroad time:" Itl^s the* railroads and their pressing 
for accur$t^, uhif pnii ^time^ more than^ anything • else, that .lec 
.the establishinent of time zones B.nd standard tirrie.^ ' V ' ^ 
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Atlantic /v 60' 
EaJtcm 75' W, " GiOO'KHU 

Centrar SO*W. . v 5:00 ' 

Mountain , IQ5T - tOO P.M. 
Pacific , 120**, . 3D0 PJM. 

. ^135*^. 2D0 PJ^v 

k%tiawaii' .\15Q;W, ^ 1:00P.M. 

•.Bering' - 165lK. - 12:00 Noon ;^ 
Jiwng the p«rjjd commendnt at 2 a.ri, on |tie 
last Sunday jn*lipril ol each Yca( and endlni at 
2 a.m. -on- the li^st Sunday, in Octtbei, thc standari 
■' . .line ol eich zooej»ajf^cal'6jicl»IiT/cxc«)t 
— in thotc stales .wfifch twjt^by 1^ ekem^ted Aeniev 
• ^ sel ves from the observan^'^ xlvanced, ticn^. , • 
. SlalK Itial have exofftited themsetws are shoim 
' in pay. " -" 
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0<fe of the e^rly advocates of 'Uniform time was a Connecticut 
school teacher, Charles Ferdinand Dowd. Dowd^leitpred railroad 
officials — and anyone else who would listen — on thfe need for^a 
standardized time system. Since the continental United States 
coveVs approximately 60 degrees of longitude, Dojvd proposed that 
the nation be divided into four zones, each 16 degrees wide — which 
is the distance the, sun travels in one hour. With the prodding of 
Dowd and otherS, the railroads adopted in/1883 a plan that pro- 
vided for five time zones — four in the U;lited States and a fifth 
covering the easternmost provinces of Galiada. ^ 

The plan was placed in operation on November 18, 1883. 
There was a great deal of criticism. Some newspapers attacked the 
plan on the grounds that the railroads were ''taking over" the job 
of the sun," and. said that, in fact, the whole wori^would be "at 
the mercy of railroad time." Farmer^ and others predicted all 
sorts of dire results— from the production of less milk and fewer 
eggs to drastic changes in the climate and weather — if "natilraj" 
time was interfered with. Local governments resented having their 
own time taken over by some outside authority. And so the idea of 
a standard time and time zones did not gain popularity rapidly. 




But toward the end of the second decade of the 20th eentury 
the United States was deeply involved in a World War. On March' 
19, 1918, the United States Congress passed the Standard Time- 
Act, which authorized the Interstate Commerce Conmiission to 
establish standarcj time zones within the United States; and at the 
sames4i«ne the A(^established "daylight-saving time," to save fuel 
and to promote ^^lier economies in a country at war. 

The Unitea ^t^tes, excluding Alaska and Hawaii, is divided 
into four tintes zones; the boundary between zdnes zigzags back 
and forth in a generally north-south direction. Today, for the most 
part, the time-zone systenv is accepted with little thought, although 
some ppople near the boundaries still ^ complain and even gain 
Ipoundary changes so , that their cities and towns are not "unnatu- 
rally" separate^ from neighboring gfeograpMcal regions where 
they trade or do business. ' *\ 



Th6 idea iff^'daylight-saving time" has roused the emotions of 
^• both suppbrters and critics — notably formers; persons responsible 
/■for transportation and radio and television sqhedules, a,nd ^Dersons 
in the evening entertainment business — and continues to do so. Rules 
gavernm'g daylight-saving time have undergone cl)hsiderable modi- 
fication in recent years. Because of confusion caused by th(B fact 
(Jhat some, citieis or states chose to shift to daylight-saying time in 
summer and others diti not — with even the dates for the /shifts 
varying from one place to another — Congress ruled in the Uhiform 
'^ime Act of 1966 that the entire nation should use daylight-saving 
time from 2:00 A.M. on the last Sunday in Ap'ril until 2:00 A,M.' 
/ oiiNthe last Sunday in October. ( Actually "daylight-saving time" 
does not exist: there is only "standard time" which is advanced 
one hour in the summer^ months. "Daylight-saving time"! has no 
legal definition, only a popular understanding.) Any state ithat did 
not wari^'to conform could, by legislative action, stay on standard 
time. Hawaii d^d so in 1967, Arizona in 1968 — (though/lndian res- 
ervations in Arizona — whi6h ^rq «under Federal jurisdictii)n — use 
daylight-saving time) and Indiana in 1971. Iii^a 1972 amendment 
to the Uniform Time Act^ those states pplii >by: time zones may 
choose to keep standard time in one part of the state and day- 
light-saving time in the other, Indiana has taken advantage of this 
amendment so that only the "western part of the state j observes 
daylight-saving time. ' i ' r ' ' 

When fuel and energy shortages becannfe iicut€^:in 1974,' it was 
suggest^^^^ a shift to daylight-saving time ' throughout^ the 
nation tne year around Avould help to conserve these resources. But 
when children in some northern areas had to start to schoohin the 
. dark -in winter months, and the energy savings during these 
months proved tq be insignificant,, year-arbiyid daylight-saving 
time was abandoned, /and the shifts were returned to the dates 
Originally stated by the 1966 Uniform Time Act. In the long run 
^the important thing is that the changes be uniform and that^hey 
apply throughout the nktion^ as nearly as possible. 

The whole world id divided into 24 standard time,z<m^, each 
approximately 15 degrees wide in longitude. The z^ro zone is cen- 
tered on^a line running-north and south through XSj^eenwich, Eng- 
^land. The zones to the east of Greenwich have time later than 
Greenwich<:time,'and thq zones to the west have earlier times^— one 
hour diff erence'f or each zone. ' ' 

With this sytem'it is possible for a traveler to gain or lose a 
day when he crosses the International Date Line, which runs north 
. and south thro\igh the middle of the Pacific Ocean, 180° around 
the worlds.fr6m Greenwich. A trayeler crossing the line from east 
to west automatically advances a day, whereas on« traveling in the 
opposite direction^'logjes'* a day. 

Both daylight-saving time and the date line' have caused a 
gre^t deal of consternation. Bankers worry abqutlost interest, and 
lawsuits have beeij argued and settled— *f ten to no one's satisfac- 
tion— ort the b^sis of whether a lapsed insurance policy covered sub- 
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stantial loss by fire, since the policy issued on standard time 
&nd the fire in question, had it pccui*reif during a period of st^tnd- 
ard instead of daylight-saving time, would have been within the 
time still covered by the policy. The birth or death date affected by 
an indivi3?iars crossing the dat^ line can have important bearing on 
anything from the child's qualifying for age requirements to 'enter 
kindergarten to the death benefits to which the family of the 
deceased are entitled. The ^ubjiect continues to be a lively issue, and 
probably will remain so. 

. TIME AS A STANDARD > 

The disarray in railroad travel caused lack of a stand- 

ard time system in the late 19th century illustrates one of the pri- 
mary' benefits of standardization — standards promote betteb^ 
understanding and commiyiication. If we agree on a particular 
standard of time or mass, then we all know what a "minute"^ or a 
"kilogram" means. ( 

In working with' time and frequency, we have itiindardization 
•at various levels. With the development of better clocks, people 
began to see the need for defining more carefully the basic units of 
time — since the minutes or seconds yielded by one clock were 
measurably different from :Wiose yielded by another. As early as 
rt.820, the French defined th^ second as "1/86,400 of the mean .solar 
day," establishing a standard time interval, even though town ' 
clocks ticking at the same rate would show different local time- 
that is-, a different G?ai6 for each' town, ^ 

In our first chapter we discussed briefly the concepts of time 
interval, synchvonizatiorij and date. In a sense these^three concepts 
represent different levels of (standardization. Time interval has a 
kind of "local", flavor. When ojfie is boiling a three-minute egg, the 
time in Tokyo is of little concern to him. What he needs to know is 
how-long three minutes is at^hi^ location.* 
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i Synchronization has a ^somewh^ more cosmopolitan flavor. 

Typically, if we are interested in synchronization we care only that 



".particular events start or stop, at the samfe time, or that they stay 
iii^sFep. -Forgxample,, if people on a bus tour are told to meetlat 

. the bus^ idr6:00 P.M., they need only synchronize their watches 
with the driver-^ watch, to avoid missing the bus. It is of Jittle 
consequence wftethe^the bus driver's watch is **correct" or not. " 

The concept otdate has the'-most nearly ufliversal flavor. Jt is 
determined * according to well-defined rules discussed on page 67, 
and it cannot be arbitrarily altered by |)eople on bus tours; they do 

...it only at their own peril, for thfiy may well be late for dinner. 

There has been a trend iri Wcent years to develop standards in^ 
such away that, if certain procedures are followed, the basic units 
can Jbe dete^ined. For example,^ the definition of the second, 
today;" is based upon cou;nting a precise number of oscillations of ' 
the cesium atom,, as we discussed on page 66. This means that 
anybody who has the means'and materials necessary, an9 who is 
clever enough to build a device ^o count vibrations of the cesium 
atoms, can determine the second. He doesn't have to travel to Paris, 
Similarly, the unit of length is^efined by a certain wave length of 
light emitted by the krypton atom. /^ 

Concepts such as date,* on the other hand — built from the 
basic units — have afilirbitrary starting point — such as the birth of 
Christ — which cannot be detennined by any physical device. 

IS A SECOND REALLY A SECOND? ' ^ ^ ' 

In our development of the history of timekeeping, we saw that 
the spinning earth makes a very good tirr^epiece; even today, 
except for th6 most precise needs, it is more than adequate. Never- 
thel^, with the development of atomic clocks we have turned 
aw^ from the earth definition of the se'cond to the atomic defini- 
tion. But how do we know that the atomic second is uniform?" 

One thing we might do to find out is to build several atomic 
clocks, and check to see if the seconds they generate **side by side" 
are of jequal length. If they are,' then we will be pretty certain that 
we can build clocks- that produqe uniform intervals of time at the 
"same" time, ' ... ^ 

But then how can we be certain that the atomic -second itself 
isn't getting longer or shorter with t^ifne? Actually there is no way 
to tlell, if we fy:e^ simply comp/aring one atomic clock with another. 
We must compare the atomic .second with some other kind of 
second. Buf then if J^'e nieasute a difference, which second is 
changing fengfh^and which one- is not? There would seem to be no 
way out Qf this maze. We must take another approach.. 



^ InsteJVd of trying to prove that a particular kind of* clock pro- 
duces uAiform ^time, ,.the best we can do is agree to take some 
device — be it the spinning earth, a pendulum, or an atomic clock 
—and simply say that the output of that, device helps ^us define 
time. In this sense we see that time is really the result of some set 
of operations thut we agree to perform in the same, way. This set 
of operations produces the standard of tiAe; other sets of opera-, 
tions will produce dijff erent timl&^scales.' 

But, one may ask, what if our tim/* standard really does speed 
up at certain times and slow down at others? Tl^e^nswer is that it 
really doesn't make any difference, because all -^ilocks biiilt on the 
same set of operations will speed up and slow down together, so 
"we will all meet for lunch at the same time"— it's a matter of 
diefinition.. 



WHO CARES ABOUT THE TIME? 




\Every day hundreds of thousands of people- drop' nickels, 
dimes, ;pid quarters into parking meters, coin-operated washers; 
dryerf.and dry-cleaning machines, and "fun" machines that give 
their, children a ride in a miniature airplane or on a mechanical 
horse. Housewives trust their cakes and roasts, their clothing and 
th^ir fine china to timers on ovens, laundry equipment, and dish- 
washers. Businesses pay thousands of dollars for the use of a com- 
^ puter's time or for minutes — sometimes fractions of 'minutes — of a 
communication system's time. We all pay telephone bills based on 
the number of minutes and parts of minutes we sp^nd talking to 
Aunt Martha, halfway across the nation. 

"The pumps at the gas station and the scales at the supermar- 
ket bear a seal that certifies recent inspection by a standards 
authority, and assurance that the ^device is within the accuracy 
requirements set by law. But who cares about the devices that 
measure time? What's to prevent a company from manufacturing" 
equipment that runs fqr 9 minutes and 10 seconds, for instance,* 
instead of the lOjninutes stated on a label^ A^e there any regula- ^ 
tions/ctftiifop^-gt^^ 



Yes in4eed. In the Uiiited "States, the National Bureau of 
Standards (NBS) has the responsibility for developing and operalj^^: 
ing standards- of time interval (frequency). It is aho given ftie 
responsibility of providing the ''means and methods for making 
measurem^^its consistent v^ith those staijdards." As a consequence 
of these airectiyes, the NBS maintains, develops, and operates a 
primary frequency standard based on the cesium -atom. It also 
broadcasts standard fi^uencies based on this prittiary standard. 
(See page 73.) • v 

•The state and local offices of v^^eights knd measures deal v^ith 
matters of tinie interval and date, generally by reference to 
an NBS h^indbook that Meals with such devices as parking meters, 
parking garage clocks, V'time in-time out" clocks, and similar 
timing devices. The greatest accuracies involved in these devices 
are about ± 2 minutjes on t^e date, and about 0.1 percent on time 
' interval. Typically the penalty for violating this code is a fine,' a 
jail sentence, or both, for the first offense. 

• ' .State standar^ laboratories seek help from NBS for such 
duties as calibrating radar i'^peed guns" used by traffic officers and 
other devices requiring precise thning. In addition to NBS, there 
are more than 250 commercfal, governmental, and educational^ 
institutions in the United States that maintain standards labora,to- 
ries; some 65 percent of these do* frequency and/or time calibra- 
tions. So the facilities for monitoring the timing devices that affect 
the lives of all of us are readily available thrpughout the land. » C 
■ <i ^ In thie United States, the United States Naval Observatory 
(USNO) collects astronomical data essential for sife navigation at 
.sea, in the air, and in space: The USNO njaintains- an atomize time 
scale based on a large number of commercial cesium-beam fre- 
quency standards. And like NBS, it disseminates its sljandard, or 
time scale, by providing time information to several U,S.« Navy 
broadcast stations. The Department of DSeflse" (DODy Kas give 
^the USNO the responsibility of teriding to the time and f^equency^ 
needs of the DOD. As a practical matter, however, both the USNO' 
and NBS have a long history of working cooperatively tpg^the^t to 
meet the needs'*of a myriad of users. . 

The responsibility for enforcing the daylight-saving, time 
^^anges^and keeping track of the standard time zones In this coun- 
try is held by the U.S. Department of Transportation (DOT) . And 
(^yet another organisation— the Federal Communications \l!ommis- 
sion (FCC)^ — is involved in time and frequenc^gontrol through jits 
regulation of radio and television broadcasts.. I^ Code of Federal 
Regulations — Radio Broadcgsi, Services describes the frequency; 
allocations and the frequent tolerances to which varioujs broad- 
casters must confornK These include AM stations, commercial and 
non-commercial FM stations, TV stations^, and interilational broa'd- 
casts. The NBS broadcast stations arfe references which the broad- 
/ caster may use to maintain assigned freQuencjt, but the FCC'is the 
enforcing agency. > • 

.■ ' \ • . • i , ' 



In ^? 



The development, establishment, maintenance, and dissemina- 
tion of information generated by time and frequency standards are 
vitally important services inq^. most us take for granted and, 
. rarely question or thihk about at all ; s^nd they require constant 
monitoring, testing, comparisons, and adjustment. Those responsi- 
ble for maintaining these delicate and ;^ensitive standards are^on- 
stantly* seeking better v^ays to make them more widely available,'at 
less cost to more users. Each year, the demand for better, more 
relfabtg, and easier-to-use standards grOws; and each-year the sci- 
entists come up with at least some new concepts and answers to 
their problems. ' ♦ 
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TIME, 
THE GREAT 
ORGANIZER 



V 



Time i& so basic a part of our daily liv6s that we ten^ to take 
.Jt for granfea^nd overlook the vital part it plays in industry, scfi- 
entific * research, and many other activities of our present-day 
world. Almost any activity tod^y that requires precision conti^bl 
and organization rests on time ^^J^ frequency technology. Its role 
in these actryitie^-is esse^|itially the same as in our own mundane 
affairs — providing a convenient way to bring order and organiza- 
tion into what-would otherwise be a chaotiq world. -* * 

The di^erence is mainly one of d^ee; in our everyday lives 
Ve rarely nee^ time information finer or more accurate than a 
.minute or tw6Abiit modern electronics systems and mach^es often 
require accuraaes» of one microsecond and better. In thisNchapt^r 
we shall jsee h^W/^the application of precisfi^time and frequency 
technology helps to solve problems of control and distribution in 
three key areas of modern industrial society — energy, commujiica- 
tion, and trans'i>ortation — plus^a few other usual and unusual uses 
of time and frequency infcftroation. ' ' - 



COMMUNJICATlOhJ 
TPAMSPORTATIONJ 
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ELECTRIC POWER 

Whether it is generated by nuclear reactors, fossil fuel-burn-* 
ing plants, or a hydroelectric system, electric power is delivered in 
the United States andliS?i5.da at 60 Hz, and at 5Q Hz 4n a g9od 
part of the r^t of the world. For most of us it is in this aspect of 
elecfefic poWerlhat time and frequency plays|its jmost familiar role. 
The kitchen walLtjIo^k is not only poweredTby electricity, bujt its 
"ticking^' rate /is tied to the "line'' frequency maintained by the 
power company^ . 
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The power companies carefully regulate line frequency, so 
electric clocks keep very gqod time. The motors that drive tapeChd 
record players operate at rates controlled^ by the line frequency, so 
thai listeners hear thlrtjue sound; and electric toothba-ushes and 
shavers, vacuuinfjcleaners, refrigerators, washing and drying, 
machines operate efficiently. ' • ^ 

Nevertheless, there are slight variations in frequency, that 
cannot 'beWvercome! K the line' load unexpectedly increases in a 
particular location— such as when many people turn on their 'tel^- 
. vision sets at the saipe titne to see a local hews flash— power -gen- 
erators in the area v\^ill slow dovi^n until input energy to the system 
.is increasecl or until the load is removed: For example, the line f^e- * 
quency niay drop to 59.9 Hzjfor a time and then return to 60.0 Hz 
when the extra load is removed. . ^ » 

During the period when the line frequency is low, electric 
-blocks will- accumulate a time error that remains even though 60 
Hz is restored at some later point. To rem(^ve this time error, it is 
the practice qf the power' companies to incr-ease line* frequei\cy 
above 60 Hz tintil the time error is removed^ — at' which time they 
^drop back to^CiO Hz. Generally^the time error ne^er exceeds two 
seconds; and in the United States this error -^is determined with 
respect to special time and frequencj^ broadcasts of the National 
Burea\f of Standards. (See page 74.) 

But frequency piaygsfls^eater roTe in electric power systems 
th^n mfirely^ providing a conveo^t time base for electric clocks. ' 
Frequency is*a ba^ quantity thait can he measured easily at/evefy^ 
point of the system, 'and^thus provides a way to ''take the tempera- 
ture" of the system. j , , 
We have seen thstt frequency excursions are indicative of load 
variations in power consumption. These Variations are used to gen-ro 
erate signals. that control the stipply of energy to the generators, 
usually in th4 form of steam— K)r water at hydroelectric plants. To 
provide more /reliable service, many power ^comfianies have^foJ^ed 
regional "poo^a,-' so that it pow^r demands in a^ particular region 
exceed local (Capability, neighboring col^panie"^ can\ll in with their ^ 
excess capacity;^ . V ^- ^* / 
^ Frequency play« an important p^rt in' these interconnected - 
systems from several standpoints. First, all electric power in a^ ^ 
connectea region must be at the same fi^equency. If an "idle" gen- 
erator is started up to provide additional power, ifynust be run- 
ning in synchronism with^the rest of the^system before being con- 
nected into it. If it IS running too slowly, current wilLflow into its 
windingi froijfi the rest of. the system in an. at\empt to bring it up 
to*speed; and if jf is running too fast, excessive: currpnf^will flow 
out its windings .in an attempt to ^low it down. In either -case, 
these currents may damage the machinfe. 

Besides running at t^ same electrical frequency as the rest of 
the syjstem the new generator must also, be in step", for in phase 
with the rest of the system. Otherwise, damaging currents may 
again flow to try to bring^the machin^infti phase. * 

(. ' . ■ ~^ ' * • 



We can understand, the distinction between phase and fre- 
quenof^ by, considering a column of soldiers marching to a drum- 

/ mer's\beat. If the-soldiers steg. in time to the beat/they will all be 
wa}kirfg. at the same' rate, or frequency; but they will not.be in 
pKaae unless all left feet move forward together.** Power companies 
have developed devices that allow them to make Certain" that a new 

/generator is connected, to a system only after it is running with 
the correct frequency and *phase.. * ; ^ 




In power pools, frequency helps to monitor and. control the 
distribution )and generation! of -power.;Based on customer demand 
and the efficiency of various getleratjng/pomponents in the system, 
members of power pools ha ve^dfevelopied complex f 6 nnulas forv 
delivering arid receiving ' ^lectVi^ poweir from one another. Efuk^ 
^hereva^e; unexpected demands and disruptions in. the system— a 
fiallenTme, for examp^^ alterations of these'sched- 

ules. t|) meet scheduled as well as uhschedUjl^^^ 

« powei>*opi^atQjrs iise "a ; control systeih ttiafls responsive both 
electric energy flpw between neighboring niemberjs of a pool and to 
variations in system frequency. The net.resujt. of this, approach is 
that vai^u^tions^ in both frequelvcy and scheduled deliveries o"f 
power are minimized. ' \ " ' ' - 

.Time'^nd frequency technology is also a helpful tool for faults 
location-;7*such as a power pol^ toppled in Vj^ifi^h^ wind.jThe systemi 
works some\Wiat like the r^&o navigation systenis described later 
in this chapter, (^ee page. 104.) At tne^pdivtin the distributioil . 
system where the fault {)ccurs, a" surge of Electric current will flow 
through the intact line^! and be recorded at several monitol5ng sta- ^ 
tions. By. compaipirig the relative, arrival time orfa particular sijpge 

^as recorded by the nribviitors, operators can d^fermine the location 

ofthefaUlt. v ^ ' * ' ' " ' — ^' 

//.y The East Coast blagkout a few years ago brought to attention 
the. vital jrole that coo^jd^nation and control— or the lack of xh^m— 
,play in the delivery of reliable electric power'. Today many pgwer 
teoiiSt)anies arfe develo^rtng better and more reliable cpntyol systems. 
' the requirements of such better systems Svill be to gathlSr 
lore detailed information about the system— information , such as 
^ower flow, voltage^ frequency, phase, and ko forth^which will be 
.r 
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fed mto a comput'e^r for analysis. Much^ of this information will 
jhave to be carefully gatliered as a function of J^inie, so' that the 
. evolution of the pdwer distribution sj^tem can be carefully moni^ 
tored. Some anembers of the industry suggest that *time to "SO 
microseconds an(J even better will be required in future control 
systems. ' * ' , ' . ' ^ \ 

MODERN pOMMUNICATlON SYSTEMS 

Time 'ai^d'' frequency technology is, if ahything, even more 
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asic arid vital to .operation of communication systems th^an it 
is to the control o^|electric power systems. Time and frequency 
information ig used/to help keep track of messages a^d' to make 
certaht^at they>reach their intended destination.' ' • 
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One of the most familiar *^pplicati6ns of frequency for mes- 
sage identification is "tuning'' our radio or TV set to a desired sta- 
tion! What we' are really doing is telling the set to select the cor- 
rect frequency 'for the station we Wish to tune in. *When we turn 
^xe dial to channel 5^ for example, the TV set infernally "tunes'' to , 
the frequej;icy that is the.'same as channel 5's broadcast frequency*; 
the set thus selects just one specific frequenq^roig/all -of those 
' coming in, displaying it and screening out all others. ' 

Of course, channel 5 wilLhave a number of different pro-ams 
throughout the day, and we may be. interested in watching only th^ 
program scheduled for ^8;00 ?iM. We select thi$ program by con-.' 
suiting our watch or clock. Thii^ we use- frequency informatiojj to 
help us^ select the correct channel, and time information to help lis 
select the desired program on thelparticular channel??. 

This ui^e of time and frequency inforniatioii is routine,' but 
there are other, ijewer kinds of communication systems that, make ' 
heavier demands on time and fr^^uency technology. L^t's consider, 
a cpnimunieatibn system which j^rH-provide-eitt^t distinct message 
channels. Wei^might use the^se/channels to connect eight pairs ^of 
.people — each pair consisting of a person at the ''send" end of the 
communication link and another at the "receive" end. At the send 
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One of the most familiar "Applications of frequency for mes- 
sage identification is "tuning'' our radio or TV set to a desired sta- 
tion! What we* are really doing is telling the set to select the cor- 
rect frequency 'for the station we Wish to tune in. *When we turn 
^xe dial to channel 5^ for example, the TV set infernally "tunes'' to , 
the frequej;icy that is the.'same as channel 5's broadcast frequency*; 
the set thus selects just one specific frequenq^roig/all -of those 
' coming in, displaying it and scl'eening out all others. ' 

Of course, channel 5 wilLhave a number of different pro-ams 
throughout the day, and we may be interested in watching only th^ 
program scheduled for ^8;00 P]M. We select thi$ program by con-;' 
suiting our watch or clock. Thu^ we use frequency informatiojj to 
help us^ select the correct channel, and time information to help lis 
select the desired program on thelparticular channel!^. 

This ui^e of • time and frequency information is routine,' but 
there are other, ijewer kinds of communication systems that, make 
heavier demands on time and fr^^uency technology. L^t's consider, 
a cpnimunieatibn system which j^rH-provide-eigt^t distinct message 
channels. .Wei^might use the^se/channels to connect eight pairs ^of 
.people — each pair consisting of a person at the ''send" end of the 
communication link and another at the ''receive" end. At the send 
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-end we have a device \Vhieh scans'each of ^the eight channels in a 
round-robin fashion/ At any particulaii instant, orily "the message 
from onej-channel is leaving thfe'^lcannfngfdevice, but during the 
time tha.t'^it takes the .pointer of the scajjner to make one complete 
revolution, the output signal \vi\\ be made of -the parts of eight dif- 
fweAt messages interleaved together.^ The"" interleaved messages' 
travel down, some c^ommunication link, such as a telephone line, 
arid are then 'fed into another scanning device which sorts the 
* ititerleaved .messages into their original forms. As the sketch 
shows, the scanning devices at the two ends of the communication 
link rriust be synchronized. If. they are not, the messages leaving 
the scanning device on the receive end will be garbled. In some 
very high-speed communication systems the scanning devices must 
be synchronized to a few rpicroseconds. This kind of communica- 
tion system where tlie signals are divided into time slots is called 
"time division multiplexing." 

As another possibility, we "could send the eight messages 
simultaneously/ but at eight different frequencies. Now we must 
know which frequency to tune to. This kind of .scheme is called 
"frequency division multiplexing." Many systems combine time 
and frequency division multiplexing so that/the senders and users 
must have clocks that synchronize in both time and frequency. 
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FCEQUEMCy DiV/ISIOiNJ MULTIPLEXrW<5 

Since no clocks are perfect, they will gradually drift away \ 
from each other. Sp it will occasionally be necessary to 6se the 
/ communication system itself to make certain that all of the clocks 
involved show the same time. ' . 

One of the ways this can be done is for one of the users in the " 
system to send a pulse that leaves his location at some particular 
time — say 4 :00 P.M. Another user at a different location notes the 
arrival time of the 4:00 P.M.' signal with respect to his clock. ,The 
signal should arrive at a 'later -time, which is exactly equal to the 
delay time of the signal. If the listener at the receiving end records 
a signal that is either in advance of or after the correct delay time, 
he will know that the sender's clock has drifted ahead of or behind 
his own'clock, depending upon the arrival time of the signal. 
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example: tviis MCSSA^e is 

TBAKfiMmrEO AT TIME 6^ 

AT n^eQOEWcy fi, 

TIME AKJD PREQUEKJCY 
DIVISIOKJ MULTIPLEXIKKS 
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Si<7/s;ALS LEAVf ALL 3 
TRAWSMITTERS AT \Z NOON 

ARRIVE SIMULTAWEOUSLV 
SHORTLV RWWOOWAT SMIP 



By expanding on this scheme all of the clocks in a system can 
be readjusted to the same time, or synchronized, simply by use of a 
synchronization pulse every so often. How often the readjustment 
nlust be^'made depends upop the quality of the clocks in the system, 
and also the rate at which the information is delivered. Jn a v^ry 
familiar example — the television broadcast that we receive in our 
homes — there are ^out 15,000 synchronization pulses every 
second, a few percent of the communication capacity of the system. 
We shall discuss this example more fully in Chapter 16. 

If we want to optilmize the amount of time that the system is 
used to deliver messages, ^nd minimize the amount of time devoted, 
simply to the bookkeeping of synchronizing the clocks, then we 
. must use the very best clocks available. This is one big reason for 
. the continuing effort to prodi^ce better clodks and better ways' of 
disseminating their infornaatiom, • 

TRANSPORTATION 

In the second chapter of this book we discussed the j^rnportant 
part time plays in navigation by the stars. But time is al^o an 
important ingredient in modern electronic navigation ;systems, in, 
which the stars have been replaced by radio beacons. 

Just as a road map is a practical necessity to a tross.-country 
automobile trip, so airplanes and ships need their **road maps" too. " 
But in the skies and on the oceans there are -very few recognizable 
"sign-posts" to which the traveler can refer. So some artificial 
sign-po^t system has to be provided. In the early days of sailing 
vessels, fog horns, buoys, and oiher mechanical guides were used. 
Rotating beacon lights haye long been used to guide both air and 
sea travel at night. But their rahg:es are comparatively short, par- 
ticularly in cloudy or foggy weather. 

Radio beacons seem to be the answer. Radio waves can .be 
detected almost at once at long distance, and they are little affected, 
by inclement weather. The need for long-range, high-accuracy 
radio navigation systems became critical during World War II. 
Celestial navigation and light beacons were virtually useless for 
aircraft and ships, espepially in the North Atlantic during, winter- 
time fog and foul weather. But time and frequency technology, 
along with radio signals, helped to provide some answers b^ con- 
structing reliable artificial sign posts for air, sea, and even land 
travelers. ^ . 

Navigation by Radio Beacons . 

To understand the operation of modern radio navigation sys- 
tems, let's begin by considering a somewhat artificial situation. 
Let's suppose we are on a ship located at exactly the same distance 
from three different radio stations, all of which are at this moment 
broadcasting a noontime signal. Because radio waves do not travel 
at infinite speed, the captain of our ship .will receive the three noon 
signals a little past noon, but all at the same time. This simultane- 
ous arrival of the time signals tells him that his ship is the same 
distance from each of the three radio stations. 
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If the locations of the radio stations are indicated on the cap^ 
tain's nautical, map, he can quickly determine his position » If he 

, Vere a little . closer to one^of the stations than he is to the other 
two, then the closer station's signal would arrive first, and the 
other two at later times, depending upon his* distance from them. 
By measuring this ^difference in arrival time, the captain or his 
navigator could translate the information into the ship's position. 

There are a- number of navigation systems that work in just 
this way. One such system i^Loran-C, which broadcasts signals 
at 100 kHz. Another is tl^BDjnega navigation system, which 
broadcasts at about 10 kHz.^^Bt^ting navigation systems at dif- 
ferent radio frequencies prov^Prcertain advantages. ¥or example, 
Loran-C can be used for very precise navigation at distances out 
to about 1600 kilometers from the transmitters, whiere^s Omega 
signals can easily cover the whole surface of^he earth, but the 
accuracy of position determination is reduced./ 

What has time to do^^with these syatems/? ^^le^nswer is that it 
is crucially important that the radio naviEsrfion stations all have 
clocks tj^at show the 3ame time to a v«ry|high accuracy. If they 
don't, the broadcast signals will not oo^jLr -at exactly th^ right . 
instant, and this will cause the ship's mvigator to think that he is 
at one position wJien he is really atyanolher. Radio- waves travel 

■ about 300 meters in one microsecond; so if the navigation stations' 
clocks were off by as little as.i/io of 1 ms, the ship's navigator could 
make an error of many kiloitneters in plotting the' position, of his 
'jship. 

' There is another way that clocks and radip signals can' be 
combined to indicate distance and position. Let's 'Suppose that the 
captain has on board his ship .a clock that i^ synchronized with a 
ciock at,his home^ port. The home-port clock controls a radip^trans- 
mission of time signals. The ship's captain will not receive the 
noon "tick''- exactly at- n^oji because of the finite velocity of the 
radio sigiial, as we mentioned earli'er. Because the captain has a 
clock synchronized with the honie-port clock, he can accurately 
measure the delay of the signal. If this delay is i/xo-ms, then he^ 
. k^ows that he is about 60 kilometers from the hom^ port. 

With two- such signals the captain could know that he was at 
one of two possible points determined by the intersection of two 
circles, as shown in the sketch/ Usually he has a coarse esti- 
mate, of his position, so he will know which point of intersection is 
the correct one. " 



Navigation by Satellite 

' We have described a navigation scheme that requires broad- 
casting signals from three different earth stations. There is no 
reason; however, that these stations need be on earth; the broad- 
casts could emanate from three satellites. • - 

Satellites offer various, possibilities for navigation systems. An 
interesting one in actual operation today is the Transit satellite' 
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navigation system, in which the navig;ator can determine his posi- 
tion by recording a radio signal from just a single satellite as 'it 
passes overhead. 

. In a sense,, receiving a signal from one satellite as it passes by 
IS like measuring: signals from many different satellites strung out 
across -the sky, looking at one at a time. The operation of the 
system depends upon a physical phenomenon called the "Doppler 
effect," which we have discussed in other connections in this book. 
-We are most farniliar witji^ this effect;, as we^ have said, when we 
hear the whistle of a parsing locomotive^ As the locomotive 
approaches, the tone of the whittle is high in pitch, or is "sharp"; 
th^n as it passes and moves away, the pitch lowers, or is "flat." 

Jn a similar way; a radio signal from a passing satellite 
appeWs high as the satellite approaches, and ihen lower as the sat- 
ellite disappears over the horizon. A listener standing at some loca- 
tion other than ours would observe the same pthenomenon, but the 
curve o^f rise and fall would be "different for him*. In fact, all 
observers^ standing at different* locations would rec6r4 slightly dif- 
ferent cuWs. - The' position of the satellite is tracked • very accu- ' 
rately, so that we could, if time alTowed, calculate a catalog of 
Doppler signals for every point on earth. The navigator, to find his 
location, womd record the rising and falling Doppler signal as the 
satellite passeM overhead, and then find in the catalog the "Doppler^ 
curve." that mMched his own — and thus could identify his location. 

Of course, \his is not a very practical anjproach because of , the 
enormous numbW of calculations that woull b^ required for -the 
entire earth. In practice the user records the Doppler curve as the 
satellite pass^oy^^^^ and the position of the sa:tellite as broadcast 
by the satellge it^^lf.' Generally the user has at least a vague 
notion as to his lo&ation'. He feeds his estimate of his position,' 
along with the satelMe location, into a small computer, which cal- 
culates the Doppler Wrve he should be seeing if he is located 
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where he thinks he is.^ V 

This calculated cu^ve is compared, by the computer, with the 
recorded curve. 'If ^hejy are the same, the user has correctly 
guessed his position. If\they are not, the computer makes a new 
"educated guess" as to n}js lo^tiDn sin& repeats the process until 

tl)^/ealculated and the' recorded curves, 
e curve ^hat yields . the^ best guess as 

ganizations are forking constantly to 
methods for keeping track 'of ship§ 
even trucks and buses on the high- 
d frequency technology. 



there is a good fit betwe 
This "best fit" curve 'is th 
to the user's position. 

Scientists in differeijt 
develop simpler, less expens? 
'at sea, planes in the air, an 
ways, thrdugJi^^applying time 



SOME COMMON AND SOME 
QUENCY TECHNOLOGY 



VR-OUT USES OF TltlE AND .FRE- 



The makers of thermometersL bathroom scales, and tape meas- 
ures have a fair idea of how many people use their product, who 
the users are, and what the users do with their measuring devices. 
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But the suppliers of time and frequency information a^ 
poet: who ''shot an arrow into the air.V There is np good Way^ of 
knowing where the ''arrows." of their radio broadcasts fall, who 
picks them up, or whether the "finders" number in the thousands 
cfr the tens of thousands. The signal is available everywhere at all 
times, and^.remains the same whether ten receivers pick it up or 
ten thousand.^nd except for inquiries, complaints, and sugges- 
tions jfor improvements — mostly from users already well known to ' 
>the broadcasters— wTose wha go to great effort and expense to. 
mak6 their time-measuring metersticks available to the puT^lic hear 
from only a small percentage of those who pick up their^wandw- - 
ing "arrows," * 
They would- like to know, , however, so that they, might make 
• their product more useful an^ more readily available to more 
people. So occasionally they make special efforts to survey their 
"public," and invite users to write to them. 

Several suth invitations from the National Bureau of Stand-, 
ards have brought many thousands of i^ssponses from the usual 
power company and cpmmunication system users; , the scientific 
laboratories, universities, and observatories; the aviation and aero- 
space industries, and manufacturers and Repairers of radio and 
television equipment and electrohics instruments ; the watch and 
clock manufacturers; the military bases. There were scores of 
respoijses frSto private aircraft and yacl;it. and pleasure-boat 
owneris. Many 4ib»- radio operators responded, as did a surprising 
number of persons who classified themselves simply as hobbyists 
-^astronomy or electronics buffs. ' / . " 

Among the specific uses mentionecf by these respondents were 
such things as "moon radar bounce work and satellite tracking," 
' "earth tide measurements," "maintenance of telescope controls ^nd 
instrumentation," "timing digital clocks," "setting time of day on 
automatic telepHene toll ticketing systems," "synchronizing time- 
code generators,", and "calibrating and synchronizing outdoor titne= 
signals in metj'opolitan areas." 

Data processing and correlation, calibration of secondary time 
and frequency standards, and seismic exploration and data trans- 
mission were all very familiar uses. And as more electronic instru- 
ments' are being developed for use in hospitals and'by the "medical 
profession, it was not surprising to have a' growing number of 
users list "biomedical elecifc^onics," "instrument time-base calibra- 
tion for medical monitoring and analyser equipmetit," and similar 
spedfic medicarappli^ati^ns. , ^ ^ — ^ J 
Greater use of electronic systems in automobiles has brought 
automobile mechanics into the ranks of time and frequency tech- 
nology users. And the proliferation of specialized Cameras that 
take pictures under water, inside organs of the body, or from a 
thousand ^kilometers out in space — pictures from microscopic to 
macroscopic proportions — as well as sophisticated sound recording 
systems, has greatly increased the need for time and frequency 
technology among photographic and audiovisual equipment 



manufacturers ^and repairers! Oceanography is another rapidly 
developing science that is finding uses for time and frequency tech- 
nology; > ^ \ ' ^ 

Time information — both date and time interval— is vitally 
important, of cours'e, to " both manufacturers 'and repairers of 
clocks and v^atcTies. And v^ith the grqA^ng availability and lower 
prices of fine Avatches capable of keeping time to|a few seconds in 
a month, m-orfe and more jewelers and watch lippairmen need time 
more precise ui^jr'they -can get from the el^jtric clock driven by 
the power company line, A jev^eler on the ^ast coast reported that 
he telephones the NlSS time and frequency information service in 
Colorado daily to check the watqhes he is adjusting. The same 
information, of course, is availably via short- wave radio from NBS 
stations WWV and WWVH; put getting the information by tele- 
phone may be simpler and less time consuming, and the signal- 
comes through' with little distortion or nojse.r. 

Some musicians and organ and musical instrument makers- 
and repairmen reported use of the standard 440 Hz. audio tone— 
the "A" above "middle C" in the musical scale — ^to check their own 
secondary standards or to tune their instruments: 



'\Severa1 scientists working on thunderstorm and Jiailsto^Tn 
research reported their need for time and frequency information. 
One specified "coordination of data rjecordings with time-lapse pho- 
tographs of ^clouds," Another Explained that he used the informa- 
tion to^teHshim where lightning strikes a power line. 

Other responses came from -qu^Cttz crystal manufacturers, 
opet'ators and repairers of two-way radio systems,, and designers 
(^coAsumer products — everything frjDm microwave ovens and 
home tfntertaihment systems, to the timers or\ ranges, cookers, 
washer^, and other home appliances. Even toy manufacturers ^ 
stated their needs fot precise: time and frequency'technology, 

' Then there were a few what might be^called less serious uses 
— except tq'^the users, who seemed to. be dead. serious. An astrolo- 
ger declared he needed precisg time information to render 
"dependable" charts. Pigeon rapers reported using WWV broad- 
cast as a reference point for -releasing birds at 'widely separated 



locations at the same instant. And persons interested in. sports 'car 
rallies and .precise timjng of various kinds of races and other 
^ sporting eyents^tated their needs. ; ^ . 

^ Miniatunzatian and pfintedjcircuits have brought a great 
mariy pieces of inexpensive, and useful electronic equipment v^ithin 
easy .reach of the average consumer. Electric guitars, radio- 
controlled garage doo>g]osers, "white sound".generators to shut out 
disturbing noises and ' soothe one , to sleep — who knows what 
designers and man|ufacturers will think of 'next? With^ these ^tid ^ 
many "bthter consumer products has come a growing need— even 
th^ man in the street^for better time and frequency technology. ' » 
This need can only continue to expand, and scientists keep busy 
working constantly to meet demands; 
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A NEW'DIRECTION> 



Up to this point we have concentrated on how time is measured? 
how it is broadcast to almost every point on the ^nrface.of the eartft, and 
how it is used In a modern industrial society. In la^ remainder of this 'book 
we shall turn away from the measurement, distribution, and practical uses 
of tkne and dip«into a number of somewhat unrelated subjects in science 
and technology where time plays many different roles. 

In the next chapter, "Time and Mathematics," for example, we shall, 
explore 17th and 18th Century^evelopments in mathematics, particularly 
calculus, which provided a new language, uniquely. qualified, lo describe 
the motions of objects- in concise and powerful ways. Motion, too, is 
intimately related to time as is indicated by such questions as, what is 
the period of rotation of the earth, or* how long does it take an object 
to fall a certain distance on the surfacelof the moon? Then there ere 
always the intriguing and mind-boggling \questions concerning the age 
and evolution of the universe, whefe the very words, "age" and "evolu- 
tion,'' connote tim^. . ^ ♦ ^ 

° These and other subjects discussed in the last chapters of this book 
are developed so as Xo cast the spotlight on time, but the reader should 
be' awar^^hat there are many other characters on stage and that time 
is not theN^dly Important player. Modern scientific theories are rich m 
d variety oPconcepts and applications, which the reader will quiclfly. 
discover if he pursues In any depth the subjects which we have examined 
.^primarily as they pertain to time (see the suggested reading, page 171). 
As a final point, many of these subjects are by no means* closed to 
discussion) but a^e on the very boundary of research and controversy. 
In fact, it would appear that every step jwfiich leads us toward a better 
understanding of the nature of time als/T brings into view new, uncharted 
territory. 
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It is Often said^ thAt mathematiGs is the language of science. 
'But it hasn't always been soi Greek scientists and philosoj^ers 
werejnore interested in qualitative discussions of ultijnate causes 
_ .than they were in precise . quantitative descriptions of events in . 
nkture. The Greeks wanted to know why fhe stars seemed to circle 
endlessly around the earth. Aristotle provided an answer — there 
was an •"Unmoved Mover." But Galileo was more interested in how 
long it took a stone to fall a certain distance than he was in why 
the stone fell toward the center of. the earth.. This change in the 
thrust of science from the qiialitative why to the qtumtitative how 
long or how much pushed the need for precise measurement. Along 
with this shift in emphasis came the developinent of better instru- 
. ments. for. measurement and a, new mathematical language to 
' ^express and interpret the results of these measurements — namely 
calculus. ' ' ^ 

One of the most imjDortant measurements in science is the 
measurement of time. Time eijters into any formifla or equation ' 
dealing" with objects changing or moving in time. Until the inven- 
tion of calculufi there was no mathematicaf language expressly tai- 
lored to the ileeds of describing motion ahd change.' We shall 
describe in some detail in tflis chapter how the interaction between ^ 
.^athematics— especially calculus-^and measurement allows us to 
constructUheories which Jeeplj^ illuminate the fundamental laws o 
njatiire. As we shall see; time and its measurement is a most^uciaf 
element in the structure of fhese^theories. - ^ - ' 
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TAKING APART KUD PUTTING TOdtETHEp , ^ 

Ma^ has 'always ^een preoccupied wi^th his-^^t an(J futup. 
"An iiiiderijtantaing of the past gives him a feeling^of identity, ahd 
kribwle^ge of the future — insofar as this is pos^ble — helps him 
chart theimost efficient and rewarding course.- Much human effort 
is directed ioward trying.tcus^into the future. Whether it's a for- 
tune teller gazing into a dryfitaT ball, a pollster predicting the (jut- 
come of air election, or an econoijiist projecting' the future of "infla- 
tion or th^ stock mark^et* any "expert" on the future has -a ready 
audience, r ' * ' 



m 




- Science, too, has its own peculiar brand of forecasting. One of 
the underlying assumptions of a science is that the complex can be 
understood in terms of , a few basic principles, and that the future 
unfolds from the past according to strict guidelines laid down by 
these principles. One of the tasks of the scientist, therefore, is to 
^ strip his observations down to theii; -bare essentials^to extract 
• the basic i)rinciples and to apply them to understanding the past, 
the ^ present, and the future. The extraction of the principles is 
usually a /'taking apart," or analysis: and. the application of the 
principles is a "putting together,'' or s)mthesis. One -pf the scien- 
tists's most important^tools in.tioth of these ifefforts is 
It helps u^^pver the ' well-s'prings of nature, and ha' 
them, helps predipt t&e course of their flow. 



athen^atics. 
rigoexposed 



SLICING UP THE R^ST AND THE FUTURE^CALCULUS 

As we know, in nature'everything changes. The stars-burn out 
and' our hair growg grey. But as obvious ^as this fact is, man has 
difficulty grasping and grappling witft change. Change is . continu- 
ous, and there seems to be no way of pinning* do^n a particular 
"now." . ^. ' 

This struggle is clearly reflected in the development of mathe- 
matics. The mathematics- of /the Greeks was ''stuck" in a world of 
constant shape and length-^a woTrld of gepmetry. The^ world of 
numbers continued to »be frozen i*n time until 1666, when Isaac 
;Newton invented the mathematics of change — the calculus. With 
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his new tool he :^as able' to extract an "ess^rftial quality" Of "^avi- 
station froni Galileo's experimentally discovered law for the dis- 
' tance a rock falls in a given time. 

. . Newton's jtool for sifting gravitation from Galileo's formuja is 
.^\;alled differentiation, and '"diffdi-entiatioii and integratiokj are the 
inverses of ^ach other in the "same sense that subtraction ij^ the 
inverse of addition ar^d division is the inverse of-^uitiph/fetibn. ' 
' Differentiatio^fallows us to pick apart-'and analyze^ofipil^ d|s-^V 
cover its instantaneous essence; ^nd integration allows^s to'^yn- <. 
thesize the^instantan^eous, revealing the full sweep' of motion-. We 
might say that 'differentiation is seeing the trees and integration is 
seeing the forest. ' , ' . 



DIFFERENT/ATIOK^ . ' 

TAKIK/6 APAgT 

IKJTEGJ?ATlOM= V 

PUTTIM<5 TO(?eTHER 



Conditions ar^d f^ules ' 

Before we get into a more detailed discussiok of ^^ifferential- 
and integral calculus, let's back up a bif anfl discuss, in general 
terms,, how the mathematical physicist views a prbblpm. Suppose,; 
fot-' example, he wants to analyze the niotion of billiard balls. First, 
he recognizes some obyidus facts.: . 



* At any particular moment, all of the balls 
are moving with dTertajl^^speeds andlBirec- 
tions df particular points on tfielable. 

* The b'alls are constrained to move withCin 
the^cushions that bound the table. 

* The trails are subject to certain rules that 
gpvern their motion — such as, a ball collid- 
ing with a cushion at some angle will 
bounce off at the same angle; or a ball 
moving In a particular .direction will con- 
tinue in tha* direction until it strikfes a 
cushion 6r/another /ball. The latter is a 
form of one of Newtqn's laws of motion, 
and the former can be derived from New- 
ton's laws of motion. 



/ 



CUSHIOiSi 






With all of this information, the physicist, can predict the 
motions of the balls. Mathematicians call the statements that char- 
acterize- the locations and motioiiS of the balls' at an instant the 
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iniiial conditions. And they /call the statements that describe the 
allowable area" of mt)tion7=~in this c^ise the plane of the table 
bounded by the cushion on four sidls.— theV 7;o?mcter?/ conditiorls/. * 
Obviously the f utur^ location of the balls^ill bev^ (dependent 
the^ape of tHetable. A^rojiind t^^b^le.wijl gi^/e^aTlFesult entirely dif- . 
ferentfroma r3&:angular^ table. ' • 

"^Thys \^^ith^Jg^ set of iriitiaKcojiditionsTboundai'y conditions, and \ 
rules governiHg -Ihe i^otioil, jj&e«can predict ,th^ locations, speeds, 

' and directions^ 6f the^'bajls at any fixture time. Of .we-^caii work> 

' barcl^vai:^s tV ofetermine these quantities '^t anjr eariifer"; time. It's 
easi^ if *we have a computer ! ^ --^ . 

' ' Having stated th^t the 'future and past are^ejgtted teethe 

* *iaow^' of tlje^ conditions, how da Ve pipceed? fn our exahjple tlie . . 
boundary conditions are simply obtained by ine^urihg the table. 
Getting the inrUal ..coijditions is somewhat trickier, 'From a'^ph^to- 

, graph we . determine the locations of the brails at the instant "-t^e 
picture is taken, bui^e also need to know the speeds and di^ec- 
tionsxyf th"e balls. 

It might occur to us that if we take iwo' pictures,' ohe -Very, 
slightly later. than the other — say one-tenth of a second later — we 
can determine all Of the initial conditions. From the firs^ photo- 
graph we determine the locations of the 'trails ; and from the' 
second, compared with the first, we determine the directions of the 
balls, as well as 'their speeds. By measuring the change of position 
each ball makes fn O.l second. ' • * ^ 

Chahges in boundary conditions and initial "conditions will, of 
course, alter the future course of events; and it is on^ of the chal- 
lenges of physics to deduce from a set of observations which part^ 
is due to initial and boundary .conditions, and Which' part is dute to 
the laws governing the process. ; ' \ ' ' ' 

Let's apply these ideas novy'to Galileo's problem of \he falling 
rock. According to legend, Galileo dropped objects jirom the lean- 
ing tower cff Pisa and measured .their time of fall. Bijt according 
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to his own account,; he. measured the tihie i| took for bronze balls 
to roll down a smooth pJank — probably because he had no reliable 
way to measure the relatively short ^ime it takes a rock ta fall the 
length' of the tower of Pisa. ■ ' \ 

' In any case,> Galileo ultimately came tcxthe conclusion that a. 
frefe-f Ailing object travels a distance proportional to- the time of 
fall squared, ^nd that tl^e fall time does .not depend upon the object's 
mass.- That is, if a rock of ^ny mass' falls a certaiii distance in a 
p5rticulaij>tirne interval, it falls fourjtimes as far in twice that time 
interval. Morir precisely, he discovered, that the rock falls a 'dis- 
tance ''d/' in meters equal to afebut 4.9 times the fall time squared,:. 
in secpnds— or 4.9i 2. ^ > • ; . - . ^ 

^Is this^simpje formula a law ot motion, or is it some*combiha- 
laws, boundary conditions; and initial conditions? Let's • 
expiorej^iisaviestion. \ . / * ^ 



tion, ^f 



Getting the Tr ut|j with pifterentlal Calfculus * 

/ The method of difEerential calculus is similar to the scheme we 
f developed f o^ determining the locations, speeds, and directions of 
the billiard balls.at a^specified time. "Let's look more carefully at the 
particular* problem of determining tTie speed of-a bil^^^ 

To get the data fwe needed, we took two pictures 'of the 
moving balls, separated by 0.1 second, and we determined the 
speed of a- ball by mea;^uring -the distance it hadfirioved between 
photos. Let's suppose that a specific ball moved Ijce^^meter (cm). ' 
— ^in 0.1 second. We easijy see that its speed is 10 cm .per second. 

' Suppose, however, that we had taken the' pictures 0.05 seconds 
apart.'Then between photos the ball moves half tMe distance, or 0.5 
cm. But of course the speed Ms still 10 cm per second, since 0.5 cm 
in 0.05 second i$ the same as 1^0'cin in 0.01 second. 

In differential calculus we allow -the time between photos to 
get closer and closer to . zero. As we have seen, hWving the time 
b^ween photos does not give us a new speed, -because the distance 
"moved by the ball decreases proportionately; so tie ratio of dis- 
tance to time between photos always equals 10 cm^er second. The 
essence of differential calculus; is to divide pneV "chunk'' iby an- 
other—in our examp^g, distance jdi^ed ; by tinte— and allow the 
two chunks to shrink toward zero. This sounds likXyery .mysterious 
business, and one mjght think that* the end result of^uch a process 
would be dividing nothing by -notfiing. But this is noTthe case. 
Instead, we end up with the rate of 'mo^a<Jfl^a particular instant 

> and point. 

This process of letting the chunks shrink toward zero, mathe^ 
maticians call "taking the limit." By taking, the limit: we reach the 
answer we are seeking, namely th^e magnitude of the motion at a 
point not contanfiinated by what happenfeS^ over a distanoe^ even 
though the distance was very small. Integratio:a^M the reverse 
process;, we take the^ii\stantaneous motion. and convert it back to 
distance. , 
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initial conditions. And they 'call the statements that describe the 
allowable area' of mt)tion-r-in this e^se the plane of the table 
bounded by the cushion on four sid^s^the boundary conditiorls/. * ^ 
Obviously the f utur^ location of the balls^ill bev^ (dependent Miu-^ 
the^^ape of tHetable. A^rojiind t^^b^le.wijl gi^/e^aTlFesult entirely dif- . 
ferentfroma r3&:angular^ table. " • 

"^Thijis \^^ith^j^ set of iriitiaKcojiditionsTboundairy conditions, and \ 
rules governiHg -Ihe i^otioil, jj&e«can predict ,th^ locations, speeds, 

' and (jirectionsv 0f the^'bajls at any fixture time. Of .we-^caii work. 

' barcl^vai:^s tV ofetermine these quantities '^t any; eariifer"; time. It's 
easi^ if *we have a computer ! ^ --^ . 

' ' Having stated th^t the 'future and past are^ejgtted teethe 

* *iaow^' of tlje^ conditions, how da Ve pioceed? fn our exahjple tlie - . 
boundary conditions are simply obtained by ine^urihg the table. 
Getting the inrUal ..coi^ditions is somewhat trickier. From a^^ph^to- . 

, graph we . determine the locations of the brails at the instant "-t^e 
picture is taken, buiswe also need to know the speeds and direc- ' 
Won5X)f th"e balls. ^^^-^-^-^^^^ ' / . 

It might occur to us that if we take iwo' pictures,' ohe A^ery. 
slightly later. than the other — say one-tenth of a second later — we 
can determine all Of the initial conditions. From the firs^ photo- 
graph we determine the locations of the 'trails ; and from the 
second, compared with the first, we determine the directions of the 
balls, as well as 'their speeds. By measuring the change of position 
each ball makes fn O.l second. ' • * ^\ 

Chahges in boundary conditions and initial "conditions will, of 
course, alter the future course of events; and it is on^ of the chal- 
lenges of physics to deduce from a set of observations which part^ - 
is due ^0 initial and boundary .conditions, and Which' part is dute to 
the laws governing the process. ; ' \ ' ' ' '■ ' ' ' \ 

Let's apply these ideas novy'to Galileo's problem of \he falling * 
rock. According to legend, Galileo dropped objects jirom the lean- 
ing tower cff Pisa and measured .their time of fall. Bi|t according 
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to his own account,, he. measured the* tihie i| took for bronze balls 
to roll down a smooth pJank — probably because he had no reliable 
way to measure the relatively short ^ime it takes a rock ta fall the 
length of the tower of Pisa. ■ ' \ ' \ 

In any case,.^ Gafileo ultimately came tathe conclusion that a. 
frefe-f Ailing object travels a^ distance proportional to- the time of 
fall squared, ^nd that tl^e fall time does .not depend upon the object's 
mass.- That is, if a rock of ^ny mass' falls a certaiii distance in a 
p5rticulai;>tirne interval, it falls fourjtimes as far in twice that time 
interval. Morir precisely, he discovered, that the rock falls a'dis- 
,tance "d'' in meters equal to afebut 4.9 times the fall time squared,:. 
in secpnds— or 4.9i 2. ^ > • ; • 

^Is this/simpje formula a law ot motion, or is it some*combiha- 
laws, boundary conditions; and initial conditions? Let's » 
explore J^iis qviestion. . . / * ^ , r ^ 
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Gettiifg the TruH\ wHh pifterentlal Calfculus 

/ The method of difEerentfal calculus is similar to the scheme we 
developed fo^ determining the locations, speeds, and directions of 
the billiard balls.at a^specified time. "Let's look more carefully at the 
particular* problem of determining tlie speed of-a billiard ball. 

To get the data fwe needed, we took two pictures 'of the 
moving balls, separated by 0.1 seciond, and we determined the 
speed of a- ball by mea;^u ring -the distance it hadfirloved between 
photos. Let's suppose that a specific ball moved Ijce^^meter (cm). ' 
— ^in 0.1 second. We easijy see that its speedis 10 cm .per second. 

' Suppose, h6wever, that we had taken the' pictures 0.05 seconds 
apart.'Then between photos the ball moves half tMe distance, or 0.5 
cm. But of course the speed Ms still 10 cm per se^d, since 0.5 cm 
in 0.05 second i$ the same as 1^0'cin in 0.01 second. 

In differential calculus we allow -the time between photos to 
get closer and closer to. zero. As we have seen, halving the time 
b^ween photos does not give us a new speed, -because the distance 
"moved by the ball decreases proportionately; so tie ratio of dis- 
tance to time between photos always equalg 10 cnyper second. The 
essence of differential calculus; is to divide pneV "chunk'' 'Iby an- 
other—in our examp^g, distance jdi^ed ; by tinfe— and allow the 
two chunks to shrink toward zero. This sounds likXyery;mysterious 
business, and one mjght think that* the end result of^uch a process 
would be dividing nothing by -notfiing. But this is noTthe case. 
Instead, we end up with the rate of 'mo^adfl^a particular instant 
and point. 

- ' ' ' • 

This process of letting the chunks shrink toward zero, mathe^ 

maticians call "taking the limit." By taking, the fimi^we reach the 

answer we are seeking, namely th^e magnitude of the motion at a 

point not contanriinated by what happenfeS^ over a distanoe, even 

though the distance was very small. Integratio:a^M the reverse 

process;, we take the^ii\stantaneous motion and convert it back to 

distance. . 
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In our particular example, since the billiard ball moves with 
constant speed, we get thejpame results with photos that taking 
the limit produofla: 10 cm per second. But in actual- fact, the ball 
won't move witri constant speed, ^ but will slow down ever so 
slightly because or^^i^tion. If we wanted to be really accurate in 
our measurement, we would want-our two photos to be separated 
by the shortest possible time, which approaches the idea of taking 
the limit. 

Let's go back now to Galileo's formula for falling bodies : d" = 
4.9^ We would like to reduce this formula to some number that 
does not change with time — a quantity that. charao|:erized the 
rock's motion independent of initial and boundary conditions. As 
Galileo's formula stands, it tells us how the distance fallen changes 
with time. Putting a different time in the formula gives, a different 
distance; this formula certainly is not ixidependent of time. 

We might think, well, since the distance changes with time, 
maybe the velocity remains constant. Perhaps the rock falls, with 
the same speed on its journey. to the earth. 

Differential calculus gives us the ans\yer. It allows us to go 
from distance traveled to speed of travel. We can think of this 
process as putting our formula d = 4.9i - into a "differentiating 
machine" which produces a new formula showing how speed, s, 
changes with time. The process performed by the machine is some- 
what akin to the two-photo procedure we discussed in earlier para- 
graphs. (See also "What's Inside the Differentiating Machine? An 
Aside on Calculus.") Let's see what happens now: 

-> out comes (s = 9.8i). 

To our disappointment we see that the speed s is not constant; 
it increases continually with time. For ^very second the rock falls, 
the speed increases by 9.8 meters per second. 

Well, perhaps then the raie at which the speed changes, the- 
acceleration, "a," is constant. To find out, we run our formula for 
speed through the differentiating machine: 



In goes (s = 9.8i) -> 

At last we've found a quantity that does not change with time. 
The acceleration of the rock is always the same. The speed increases 
at the constant rate of 9.8 meters per s€fcond every second. We have 
hit rock bottom ; 9.8 is a number that does not change, and it tells 
us something about nature because it does not depend upon the 
height of the tower or -the way we dropped the rock. 

WHArS INSIDE THE DIFFERENTIATING MAQHINE7— AN 
ASIDE ON CALCULUS 

To understand how the differentiating machine works, let's 
consider a specific example. We'll suppose a rock hits the ground 



Jn goes (d = 4.9*2) 
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outcomes (a = 9.8). 
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after falling for five seconds, and we would like to know the speed 
at impact. We start with Galileo's formula that says 

y = 4.9^ ^1 

where y is the distance fallen and t is time. From the formula, we 
find that the rock has fallen 78.0 meters after 4 seconds and 122 
meters after 5 seconds, or that the rock falls 44 meters' in its last 
second before impact. (During this last second, the average speed 
is 44 meters per second, although at the beginning of the second 
the rock's true speed is less than this and at the end it is greater.) 
We repeat this procedure several times, always using Galileo's 
formula, to obtain the average speed during the last Vo second, the 
last Vi, second, and so forth down to the last 1/16,000 second. The 
results are shoi^n in the table below. 



TIME 
INTERVAL" 
(SECOWpS) 


1 


- \- 

2 


-1 


1 

16 


1 

32 


1 

64 


1 

I60 


1 

l6pO 


1 

I6,000 


DISTANCE 
. FALLEN 

/meters) 




23 


12.00 


3.03 


/.52 


0.76 


0.30. 


d.03 


0.003 


AVERAGE 
SPEED 

/meters per") 

\ SECOMD / 


44 


46 


47.50 


48.50 


^8.60 




,^8.73 


M8.76 


Hej767 



If we scan along the bottom row of the table, it appears that 
tlje termination speed is 49 meters per second, although with this^ 
approach we can never quite prove it. However, with calculus we 
can prove it. Let's see how. » ' 

What we want to do is apply calculus to Galileo's formula for 
distance and turn it into a formula that gives speed for any arbi- 
trary fall time. Since we want a general formula, we shall use 
symbols, rather than numbers, to derive our new formula. 

. First, we shall let staiid for the fall time, and "Ai" 
(delta t) stand for any short interval of fall time. Thus, we might 
say that the rock falls for a time t and then falls an additional 
small interval of time A^. Similarly, we shall let Ay stand for the 
distance the rock falls during the short interval of time At 

Next, using Galileo's formula, we want to find a formula for 
Ay, the distance the rock falls in At seconds. 



AFTER 
M SECOMOS 



* AFTER 
5 SECONDS 



78 



T 



/We start \vith 



y = 4.9f^ 



Then it follows that y + Ay = 4.9 + AO' = 

4.9^2 + 9.8^A^ + 4.9 (AO'- 

• Subtracting iJie first formula for y from the second formula 
for 2/ + Ay we see that ' ^ 



METERS^ 
IKJ last' 
SECOMD 
OF FALL 



Ay = 9MAt + 4.9 (AO'. ' 
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APTBR 



2 
-I 



5 



T 



DISTANCE 
FALLEN ' 

SeCONOS 



i 



Since the distance Aj/ is covered in 
over the distance is Ay/ At 



time At, the average spee^ 



9.St At + 4.9 (At) - 

At ' < 



d.8t + 4.9 



Finally, what we want to know is riot the average speed over the 
distance Ay, but the instantaneous change of distance with respect 
to tinie or, equivalently, the speed at a point. We do this by letting 
go to zero; or as the mathematicians sayj we "take the limit" as 
A^ approaches zero, which is 



instantaneous speed = limit (9.8 1 + 4.9 AO = 9.8i or speed, s 

At^O 



9.St. 



Let's see how this new formula works. We put 5 seconds into 
our formula and we obtain 5 = 9.8 X 5, == 49 meters per second, 
which is precisely what we anticipated from our table. 

The instantaneous change of distance, y, "witl^ respect to time, 
t, is called the "denvatiye" of y with respect to t. It is written 
dy/dt, which is just in our particular example, a shorthand notation 
for the process, limit 

At-^Q. 



In compact mathematical symbols, the derivative' with respect ]to 
time, t, of the distance fallen, 2/ ( = 4.9*^) , is expressed as : 
diy) d(4.9,<^) 



dt 



9.St = speed = s. 



Or as we said on page 118 
in goes (d = 4.9^^) - 



Machine 



-> out comes (s ^ 9M) . 



That part of calculus which is devoted to taking derivatives is called 
"differential calculus," and the inverse of differential calculus is 
called "integral calculus." If w« had an "integrating" machine for 
integral calculus, it would take the formula for speed and turn it 
back into the formula for distance : 



In goes (s = 9.80 
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out coines (y = 4.9^2). 



We shall not go into the details here, but the pj-ocess of going 
from (s = 9.80 .to (y ^ 4M^) — that is, integrating s^eed with 

respect to time is somewhat similar to the exercise we have just 

completed^.; The difference is that instead of using Galileo's formula 
to compute the average speed over each small interval of time, we 
use our new formula for speed « 9.80 to determine the distance 
fallen over many short consecutive intervals of time: then we add 
up all of these intervals to obtain the total distance fallen, and 
finally, let the intervals of time go to zero (take the limit) to obtain 
the exact result. To complete the integration process cc^rrectly for^ 
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a particular problem, we must know the initial and boundary condi- 
tions. For ex&mple, we can compute correctly the speed of a rock 
after it .has fallen for 10 seconds from the formula y, = 4tM- only 
if the rock starts its fall from rest If it has an initial downward 
motion — such as would result if we threw the rock downward in- 
stead of simply releasing it from our hand — then we must includdl 
this fact in our calculation if we are to obtain the correct ahswer.^ 
That is, we must know the initial condition that the rock left our 
hand at, say, 14 kilometers per hour as well as the formula y = 4.9^^ 
to obtain the correct answer. ^ 

NEWTON'S LAW OF GRAVITATION ^ 

Of coursej nature might have been different; we might have 
found that the acceleration increased with time and that the rate 
of increase of acc^Bration with time Was cohstant. But this is not 
the case. After two "peeiihgs," Newton had discovered that gravis 
tational ^m/Z ^produces cOYistant acceleration independent of time. 
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jArmed^ lj^^ ^pd .otjhier^'^measuren^en$s, he 

wA^ 'ibte ,to dwdbp^hi^""!^ (aw Qfy^ ^mvitation, He 'demon- 
stt^ted that,thi^,ii>^;^^p^^ also to 

the'^blar syste^m^nii^tlt^^ required fhe appli- 

cation of integfaX_Q,^&^^ process back- 

ward— zn^e^rc^fn^ ihi^.vi^^^ motions ^f the ' planets— he 

proved that they' haa ttf^mdve around th^ sun in ellipses. By look- 
ing through the "microscope" of differentiation, Newton was able 
fo discover the essence of falling bodies; and by looking, through 
tlie "telescope'' of integration, he was able to see the planets cir- 
' cling the sun, ' - ^ 

For whatever reasons, Newton kept his invention of calculus 
to himself, and-' it was invented again some ten- years later . by 
Gottfried Wilhelm von tiCibnitz, a German matheihatician. Even 
then, .Newton "did not publish his version for anpther, 20 years. 
Leibnitz's symbolism was easier to manage than Newton's, so calcu- - 
Jus developed at a faster rate on the^Continent than it did in Eng- 
land. In fact, a -rivalry developed ^between the two groups, with 
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^each group trying to stump ]fche other by posing difficult mathemat- 
ical questions. . 

One problem posed by the Continental side concerned the 
shape a wire should have (not straight up and down) so that a 
bead sliding down it would reach the bottom in the shortest possi- 
ble-time. Newton spent an. evening working out the solution, which 
was relayed anonyjnously to the Continent, One of Leibnitz's col- 
leagues, 'who had posed the problem, received the solution and 
reportedly said, "I recognize the lion by his paw." 

" Although Newton's laws of motion arid gravitation can be 
summed up/n.a few simple mathematical statements, it took many 
great applied mathematicians — men such as Leonhard Euler, Louis 
Lagrange, and William Hamilton — another 150 years to work out 
the full consequences 'of Newton's ideas. Rich as Newton's work 
was, even he reialized that there was piuch to be done in other 

, fields, especially electricity, magnetism, and light. It was some two 
hundred years after Ne\yton before substantial progress was made 
in these areas. 3 . 

Of course even later, Newton's laws were overturned by/Ein-: ' 
stein's relativity rjLud most recently quantum mechanics, with its . 
rules governing the microscopic world, has come into play. Each^ 
new understanding of nature has led to dramatic gains in the 
search for perfect time. ' " , 
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'/ Although much of the early interest in time sprang from reli- ^ 
gious activities, the "high priests" of time had worked out remark- 
able schemes for predicting various astrorronriical events such as 
the summer solstice; the winter solstice, and motions of the con- 
stellations in the sl^y throughout the year. In later times, with the 
developmefit of cditimerce and naval activities on the seas and tl;ift 
need for imfprbi^ed navigation methods, the interest in time turned 
somewhat from the religious to the secular. But it makes, little dif- 
ference what the application, religious or secular, the tools for 
"unraveling" the fabric of time are the same. 

As we have seen, tinie measurement has been intimately con- 
nected with astrononiy for many centuries, and within our own life- 
,time we have begun to look at the atom in connection with the 
njeasurement of time. It is rather curious that we have made a 
quantum jump from one end of the cosmological scale, to the other 
— from stars to atoms — in our search Yor the perfect clock. The 
motions of pendulums,. planets, and stars. are understood in terms 
of Newton's laws of motion and gravity — pr with even greater 
refinement in Wms ;of ESnstein's General Theory of Relativity; 
and the world of the atom is understood in terms of the principles 
of quantum mechanics. As yet, however, no one has been able to 
come up with^ one all-encompassing set of laws that will explain* 
man's observations Of nature from the smallest to the largest — 
frpm the^toms to Andromeda. Perhaps the ultimate goal of sci- 
ence is to achieve this Unified view. Or in the words of the artist- 
poet William Blake, the task of science is . 



SETTER TIME 
MEASUREMENT 

/MPROV/ES 
UMOeRSTAMDIMCy 
OP MATURE 



BETTER Uf^OERSTAMDlKJG 
OF MATURe 
IMPROVES TIME 
MEASUREMENT 



^ To see a world in a grain of ^and 

' Aim a heaven in a tvild flower,' 
. ' Hold infinity in the palm of your hand ^ % 

And eternity in an hour, • 
. \ * Auguries of Innocence 

Until this goal is reached, the science of physics will continue 
to ask many difficult questions about the. big and^/the small, and 
short and the long, the past and the future* 

' As we saw in our disjjussion of man-made clocks, the develop- 
ments of scientific knowledge and of time* measurement have 
moved forward hand in hand; more accurate time measurements 
have led to a better understanding of nature, which in turn has led 
to better , instruments for measuring time. Improvements in the4 
measurement of time ^ave made it possible for the science of phys- 
ics to expand its horizons enormously; and because of this, modern 
' physics has seyeral very important things to tell us about time: ' ^ 

• Time is relative, not absolute. ^ » 

• Time has direction.' 

I • Our measurement of -time is limited In a 

• • • very fundamental way by the laws of ^ 

nature. , 

• A time scale based upon one particular 

- / set of laws from physics Is not necessarily » 

ttie same time scale that would be gene- 
rated by another setx)f laws from physics. 

TIME IS RELATIVE 

Isaac Newt(^ stated that time and space are absolute. Py this 
he meant that the laws of motion are sucLthat all events»in nature 
appear, to proceed in the same fashion and ojrder no welter what • 
the observer's locatioi^ and motion. This means that all clocks syn- 
chronized with4each other should constantly.show the^ame time. 

Albert EinsteipJ came to the conclusion that Newton was 
wrong. Certain peculiar ir^otions in ~ the movement of the planet 

' , Mercury aroUnd the sun could not be explained according to New- 
ton's ideas. By assuming.that space and time are not absolute, Ein- 
stein was able to formulate new laws of motion that explained the 
observed orbit of Mercury. 

But what^ have Einstein's ideas to' do with clocks not all show- 
ing the same time? First Einstein stated that if two spaceships 
approach each other, meet, a'iid pass in outer space, there is no , 
experiment that can be^ performed to determine whic|i spaceship 
is moving and which is standing still. Each ship's captain can 
assert tha,\ his ship is standing still and' the other's is moving. Nei- 
ther captain can prove the other wrong. We've all had the experi- 

' ence of being in^^a train or other vehicle that is standing still, but 
feeling sul^ it is in motion when another vehicle closi^ beside us 

V moves past. Only when we look around for some other, stationary, . 
object to relate to ca,n we be sure that it is the vehicle beside^us, 
and not our own, that is in motion. ^ 
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We must emphasize here that we are not attempting to prove 
Einstein's idea true; we are merely, stating, what he had to assume 
in order- to explain what happens in nature. Let's suppose now that 
-. each of. our two spaceships is equipped with a clock. It's a rather 
special kind of cjQfck that consists simply of two mirrors, facing 
each other and separated by a distance of 5 centimeters (cm). The 
period otAhe clock is determined by a pulse of light "that is simply 
bouncing back and forth . between the two surfaces of the mirrors, 
light travels about 5 cm. in 10-® seconds (one nanosecond) ; so a 
round trip takes 2 nan osecon els. \ . 

The captain' traveling on ship number one would say that the 
clock on ship number two* is "ticking" more slowly than his 
because its pulse of light traveled more than 10 cm in its round 
trip. But the captain 'yj^ship number two would be, equally correct 
in miaking the same stjitement about the clock on ship number one. 
Each captain views tile other's clock relative to his. And since;- 
according to Einstein's statement, there is n©. way to tell which 
ship IS TOoving and which is standing still, one captain's Conclusion 
is as valid as the. other's. Thus We see that time is relative^-that 
is, the time we see depends on our point of view. 

To explore this idea a little further, let's consider the extreme 
casfe of two spaceships meeting and passing each other at the speed 
of light. What will each captain say about the other's clock? We 
could use the mathematics of relativity ta solve this problem, but 
we can also go straight to the answer in a fairly, easy way: 

When we look at a clopk on the wall, what we are really 
seeing is the light reflected, from the face of the clbck. Let's sup- 
pose that the clock shows noon; and that at that inpment we move 
away from the clock at the speed of light. We will then be moving 
alohg with the light image of the noon face of the clock, and any 
later time shown on the clock will be carried by a light image thatv 
. is also fnovin^i^ at the speed of, light. But that ima^^will ne^ey^' 
catch up with us; all we x^^'ill ever see is the noon face. In .other 
words, for us time will bp frozen, at a standstill,-^ . 

There are other interesting implications ia' this cpnceptV of 
time as relative to one's own location and movement. The fact that 
each c&ptain of our two spaceships sees the other's clock "ticking" 
more slowly than his bwn is explained by Einstein's "Special 
Theory, oif Relativitjr," whicH is concerned with uniform relative, 
motion between objects. Sometime later, Einstein . developed his ' 
"General Theory of Relativity," which took gravitipition -Into 
account. In this case he found that the ticking rate of a clock is 
influenced by gravitation. He predicted that a clock in a strong ^ 
gravitational potential, as is the case near the sun,- would appear 
to us to run slow. j 

To see why this is sq^ we go back to our two rocket ships. This 
time, let's suppose that one of {he ships is stoppfed a certain dis- 
tance from the sun. At this point thepe will be a gravitational field 
"seen" by {Hie spaceship and its contents, including the ..mirror 
clock. Let^s suppose the other spacesh^, is falling freely in space ' 
toward «the Sun. Objects in this spaceship, will float around freely 
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in the cabin as though there were .zj^ro gravitational field — ^just as 
we have seen from televised shots of the astronauts on their way 
to the moon. ^ . 

Let's suppose now that the falling spaceship passes the' sta- ; 
tionary spaceship on its. journey toward the sun, in such a way 
that the captain in the- free-falling spaceship can see the clock in 
the other spaceship. Because of the relative motion, he will again 
say that the other clock is running more slowly than his own. And 
he might go on to' explain this observation by concluding t^at the 
clock where there is a gravitational field runs more slowly than 
one where there' is zero gravitational field. 

We can use these observations about clocks from Specia'PRela- 
tivity and General Relativity theories to obtain an interesting 
resuH^, Suppose v^^e put a clock in a. satellite. The higher the satel- 
iite-4s above the surface of the earth, the faster the clock will run 
b^use of the reduced gravitat^^Onaf potential of the ^arth. Fur- 
tliehnore, there will also' be a change in the rate of the clock 
caused by the relative motion of the satellite and^ the earth. The 
difference in relative motion increases as the height of the satellite 
illicreases. Thus tjiese tWo relativistic effects are working Ji^ainst S 
each other. At a height of about 3300 kilometers above the surface 
of the earth, the two ef¥ects cancel each other; So a clock there 
would run at thjS same rate as a clpck on the surface of the earth. 

TIME HAS DIRECTION 

If we were to make a movie of two billiard balls Jboiitjcing 
back and forth on a billiard table, and then show the movie back- 
wards, we would not notice anything strange. We*" would see the 
two. balls approaching each other, heading toward the edges of the 
table, bouncing off, passing each other, and so forth. No lav^s of 
motion would appear -to, have been violated. But if we* mscke a • 
movie of an„ egg falling and smashing against the floor, and then 
show iAis film .backwards, something is/clearly wrongs Smashed 
eggs do not in our experience come back together to make a per- 
fect egg and then float up to someone's hand. \ 
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In the egg movie thelre is very much a sense of time direction, 

whereas ii). the billiard ball movie there is not. It jWould appear 
1j[hat the sense of time direction is somehow related to the probabil- 
ity or improbability of events. If we film the billiard balls over a 
longer period of time, for example, so that we see the balls slowing 
down and finally coming to rest — andNlien show th6 movie back- 
wards, we would' realize that it was running backwards. Billiard 
balls don't start moving from rest and gradually iiicrease their 
motion — at least not with any great probability. ..\ - 

Again the direction of time is determined by tjhe probabl^ 
sequence of events^ The reason the balls slow down is that friction 
between the'balls and the table gradually tionverts the ordered roll- 
ing energy of the balls into the-heating up of the. table and balls — 
ever so slightly. Or more precisely, the ordered motion of the balls 
is going into dii^ordered 'motion. A measure of this disordered 
motion is called enirop2/.^ntropy involves time and the fact that 
time "moves" in only one direction. ' 

Systems that are Highly organized have low entropy, ^nd vice 
versa. To consider our billiard table further, let's suppose we start 
by racking up the balls into the familiar triangular shape. At this 
point the balls are highly organized and remain so until we 
"break" them. Even after the. break, we can perceive , a <!ertain 
organization, but after a few plays . the organization has disap- 
peared into the random arrangement of the balls. The entropy of 
the balls has gone from low to high. : 

Now let's suppose that we had filmed this sequence 'from the 
initial break until well after disorder had set in. Then- we run the 
film backwards. During the first part of the showing, we are 
watching the balls' motion during a period when they are com- 
pleteTjTVandomized, and in this ii[.terval we cannot tell the differ- 
ence between showing the filni fdrward or backward.. Jji the physi-- 
tist's jargon, after the entropy, of a system is maximized we 
cannot detect any directiojn'of time flow. . 

As. we continue to watch the film, however, we approach the 
moment' wl;ien the balls were highly organizeid into a compact 
triangle. And as we come nearer to this moment we can certainly 
detect a diifference between the film running forward or backward. 
Now we can assign direction to "time's arrdw." 

'There is another point we can bring out by comparing- this 
observation with our earKer discussion of twa balls. We noticed 
that with two balls, we were not able to detect a time direction> 
but with many balls we can assign a meaining to time direction. 
With just two balls we are not surprised when they collide with 
each other and move off, but when rriany ha,\\s are involved it is 
highly improbable that they will eventually regroup to form a com- 
pact triangle— unless we are running the film backward, 

TIME MEASUREMENT IS LIMITED 

We have discUssed why it was * necessary for Einstein to 
modify Newton's laws of motion, Some years later scientists dis- 
covered that it was necessary to modify Newjton's laws to explain 
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observations of objects at the other end of the size scale from plan- 
ets and stars— ^namely, atoma. But the modification^ were different 
from those that Einstein made. . \ 

One of the implications of these modifications is that there ik 
a limit to how precisely time can be measured under certain condi-\ 
tions. The implication is that the more we want to know about \ 
lohat happened, the less we can know when it happened, and vice \ 
versa. It's a kind of *'you can't have your caTce and eat it", type of 
law. . ' \- . 

We can get a feeling for it by considering the following prob- 
lem: Let's suppose we would like to know the exact instant when a 
BB, shot from an ait rifle, passes a cerfein point in space. As the 
BB passes this point, \Ve could have it trigger ..a fine hair mecha- 
nism that sets off a high-speed . flash photo. Behind the BB is a wall ' 
clock whose picture is taken aloiig with the BB's picture. In the * 
lugh-speed photo we would see the BB suspended in motion, and 
tH^ wall clock v\fould indicate the time at the moment the picture 
waH taken, 

jBut let's suppose* we wanted to know something- about the 
direction the BB is moying, but we were still limited to one pic- 
ture. We could take a slower picture, which would show a blurred 
image of the BB, and from this image we could determine the 
direction ot movement. But now the second hand on the clock 
would be blurred also, and we could not know the exact time when - 
the BB crossed the mark. - 

6oth the time when an event happens and the duration of 
time [it occupies can be measured quite precisely. But the greater' 
the degree of precision, the less other information 'can be-gathered. ' 
This fact, j^ihich scientists pll the "uncertainty principle," seems 
to %*f^ndam^^ 

From quantum' mechanics, a more^ precise expression of the. 
uncertainty principle is that the more wefknow about the "energy" 
of a process, the less we know about when ^t happened, and vice 
versi: We can apply this statement directly to an atom emitting a 
phoTOn of radiation, such as a hydcQgen atom in a hydrogen maser. 
According to the unc^tainty J^inciple, the more precisel^r we 
know the amount* of energy emitt^ by the atom, the less we know 
about when it happened. ^ 

In Chapter 5 we found that the n^qutency of the radiated 
energy is related in a. precise way to the^^uantum" of energy 
emitted: The bigger the quantum of energy, the higher the fre- 
quency emitted. But now we see ^that there is another application 
of this frequency-energy relationship. If we know the ^magnitude ^ 
of the quantum of^<^ergy quite accurately, then we know the fre- 
quency radiated qime accurately-, and vice versa. / • ♦ 

But the uncertainty principle tells us that to know the energy 
precisely — ^and thus the frequency precisely— means that we won't, 
telow very much SLhant when the emission took place. The situation 
is somewhat like water flowing out of a reservoir. If the water 
runs out very slowly, we can measure its rate of flow accurately ; <^ 
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' but this^^ow will be spread over a long period of time, so we have 
no distinct notion of the process haying a precise beginning and 
ending. But if the dam is b}<)wn up^^ a huge crest of water, will 
\surge downstream; and as the crest \passes by, we will have no 
doubt that something happened and Vhen it happenedyMtJut we 
will have great difficulty in measurfng Ihe rate at which me water 
flows by. \ 

In' the case of the atom, the energy leaking away slowly means ^ 
that we can measure its frequency precisely. We have already ob- 
served a similar idea in Chapter 5, in ou A discussion of the cesium- 
beam tube resonator. We said that the longer the time the 
atom spends drif^ng down the beam tube, the more precisely we 
could determine its resonance frequency; or * alternatively, the 
longer the time 'the atom spends in the beam tube, the higher the 
"Q" of the resonator. Thus, both from our discussion of resonators 
in Chapter 5, and also from quaritum mechanics, we come to a con- 
clusion that makes sender The longer we observe a reso^;iator, the 
better we know its frequency. ^ , 

As a final comment, we can relate our discussion here to the 
spontaneous emission of an atom, which we also discussed in Chap- 
ter 5. Atoms, we observed, have f "natural" hfetime. That is, left 
a'lone J;hey will eventually spontjaneously ^emit a photon ;6f radia- 
tion; but this hfetime varies from atom to atom and' also depends 
upon the particifTar energy s^ate of the atom. If an atom has a 
very short natural lifetime, we will be Zess uncertain about when it 
will emit energy than if it had a very long lifetime. Invoking the 
uncertain^v principle, atoms with short lifetimps emit uncertain 
amounts or energy, and thus the frequency is uncertain; and atoms 
with long lifetimes emit packets of energy whose values -are. well- 
known, and thus ther.f requency is well established. • . 

see. in a sense, then, that- each atom has its own natural Q. 
Atoms with long natur^ lifetimes correspond to pendulums with 
long decay times, and tK^s high Q's; and atoms with short n^vtural 
lifetimes correspond ^o pendulums with short decay times, and 
thus low Q's. ' 

We shoulql emphasize, however, that although a particular 
energy transition of an atom may correspond to a relatively low Q 
as compared to other transitions of other atoms, this of itself is 
not necessarily a serious obstacle' to clofck building. For atomic 
resonators, contain many million^ bf atoms, and what we observe is • 
an "averiage'y result, which ^sm^oths 'out th^e fluctuations associated 
with emissions from particular atoms.- Thjb only limitation would , 

'appear to.be the one that^ we have alre^.^ pointed, out in Chapter 
5, in our discussion of the limitations of atbmic resoiiators: As we. 
go to higher apd higher atomic resonant frequencies, the natural 
lifetime of the atom — or decay time— may be so short that it 

.would be difficult to observe the atom before it spontaneously 
decayed. . 
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ATOMIC AND GRAVITATIONAL CLOCKS 



'.We have seen tha,t there is no single theory in science that 
Explains both the macroscopic world of . heavenly bodies knd the 
micrpscopjlc' world of the atom. Gi:avily governs the motions of the 

s j^rs, galaxies, and pendulums; atoms come under the jurisdiction 
or quantum mechanics. 

In our history^of the development of clocks, we have seen that 

' there has been a dramatic change in the last decade or so. We have * 
gone from clocks .whose, resonators were based on swinging pendu- 
lums—or other mechanicafl devices-r-to resonators based on atomic ^ 
phenomena/ We have gohe from the macro-world to the. micro- ^ 
world with a cpncpmitant change in the laws/ that govern the 
clocks' resonators. * ' 0t ' ' ; 

This diversity raises an interesting question: Do clocks under- % 
stood in terras of Newton's law of motion and gravitation keep the 
same time ^s those based qp quantum theory? The atomic second, we 
recall, was defined as nearly equal to the ephemeris — or "gravity* — ^ 
second for the year 1900. But will this relationship be true a' 
million years, from now — or even a thousand? Might^not the 
atomic second and the gravitational ^econd slowly drift apart? 

The answer to this • challenging question is embedded in the 
deeper question of the relationship between the laws describing th,e 
macrb-world and: those describing the'^ micro-world; In the laws of 
bdth there are numbers called physical constants, which are 
assumed not to change in time. One such constant is the velocity of 
light; another^ is the gravitational; constant "G," G appears in 
Newfbn's law of gravitation, according to whi(ai the gravitational 
attraction between two objects is proportional to the product of 
their masses and inversely propprtional to the square of v the .dis- 
tano^e between them. Thus if we write ikfi and ikf^.^for the two 
masses,* and the distance between them Z), Newton's law reads 



FORCE =^F ^G 



To get the correct answer for the force, we have 'to intro- 
duce G; and G is a number that we*must determine experimentally/ 
There is no scientific theory that allows us to calculate G. 

We have a similar situation in quantum' mechanics. We have 
already learned that energy, E, is rela^d to frequency, /; mathe- 
matically the expression is S = hf, wher^^ an9ttier constant — 
Plank's constant — which must be determiit®^^ If "i^. 

some unknown way, G ox h is changing- wj^^BFne, then time kept 
by gravitational blocks and atomic clocks wiil^'di verge. Toi: if G i^ 
changing slowly with, time, a pendulum clock under the influence 
of gravitation will slowly^change in period. Similarly, a changing h 
wilt^cause the period olan atomic clock to- drift. At present there 
i3 no experimental evidence that this is happening, but the- problem 
is being actively investigated. * * . ' 

If G and h diverge in just the'^right" way, we. could get some' 
rather strange results. Let's suppose gravitational time is slowly 




decreasing with respect to atomic time. We can't really say which 
scale is "correct"; .one is just as ^'true" as the other. But'^Jet'Sitake 
the atomic time scale as our reference scale and See how the gravi- 
tational scale changes with respect to it. ' , ^ 

We'll assume that the rate^of the gravitational dock doubles 
every thousand million years — every«billion years— rwith respect to 
the atomic dock. To keep our example as simple as 'possible, 
let's assume that the rate of the gravitational clock doe$ not 
"change smoothly but occurs in jumps at the end of each bhUon 
years. Thus, one billion^ years ago the pendulum or gravitational ^ 
clock was running only half ^as fast a^ th^ atonjic clock. As we 
keep moving into the past, in billion-year intervals, we could tabu- 
late the to.tal time as measured by thle two kirid^ of clocks as fol- 
lows : ^ , 

Accumulated Atomize. Clock Time = 1 bIJIIpn years ^ & ^ - . 
+ 1 billion years + 1; billion yeeirs -h and so forth . 
Indefinitely, ■ ^ . ■ ' . . 

. / . Ac^ucnulated Pendulum Clock Time = 1 billion ^ . 
years +^ Vz billion years + Va billion years + ' 
Vfl bifRon years + and so forth indefinitely. 

As we go further and further into the *past, the accumulated 
atomic time approaches infinity, but -the accumufeted pendulum 
clock tinie does not; it appi"oa(dies 2 billion years : 

• ' 1 +; Vz + y4 + > ;+ Vifl -I' Mi2 ^- . . , =5-^. 

; "^The arrtjhmetip Is similar tp the problem >we dis- 
^ ■ 6ussed earlier, oh page 117, where we saw that " ' . - 
'the speed of a rock hitting the ground ap-. ^ 
proached 160 feet per second," as we fcept com- : 
puting its ^erage speed at intervals successively . 
clqser to the ground. Thus, Lri our^ example, 
gravitational time' points to a\lefinite origin of 
time, and atomic time does not.. ' ^^ 

The example we h'ave chosen as, of cou-rse, just one of many 
possibilities, and we pic'ked it for its dramatic qualities.- But it .does 
illustrate that questions relating^tb the nieasurement bf time must 
be carefully considered. To ask questions about time and not spec- 
ify how we will measure it is most probably an empty exercise. 
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« THE DIRECTION OF TIME AND SYMMETRIES IN NATURE— AN ASIDE 

,^ We can relate this discussion of the billiard balls and time's 
direction- to what jvas said about mathematics and time on page 
115. We recall that a mathematician-scientist characterizes a 
problem- by the initial conditions, the boundary conditions.^nd the 
laws that govern the process he is investigating. The direction of 
time's arrow is a consequence of initial conditions, and not a conse- 
quence of the laws governing the motions of the balls. It is the ini- 
tial condition that all of the balls start from a triangular nfest and. 
proceed toward random positions over the surface of the table that " 
gives a sense of time's direction. ' _ 

If the 'balls had started out randomly— that is if the Initial 
condition had been a random placement of the balls, with random 
speeds and directions of motion— then we would have no percep- 
tion of tim-e's direction. But the laivs governiHg^the motion are the o 
same vvhether the balls are initially -grouped or scattered over the 
surface of the table. ~ 

These observations bring up a very interesting question : Is 
there no sense of time direction in a random universe? From the 
preceding discussion, it would j^ppear that there is not. But we 
cannot give a final answer to this question. Until 1964, it appeared 
that there was no law in nature that had any sense of time direc- 
- tion, dnd that time's arrow is simply a consequence cf +>ie faqt that 
nature is moving from order to disorder. That is, in the distant 
past the universe was conjpact and ordered, and we arp now some 
10 to 20 billion years down the path to disord'er. We shall discuss 
this again later, in connection' with the "big bang" theory of the 
universe. 

THE STRUGGLE TO PRESERVE SYMMETRY 

To dfig deeper -into . this question oij^e's direction, we move 
• into an ai^a of physics that is on the frontier, of experimentation 
and theoretical development. This means the Subject is highly con- ' 
troversial and by no means resolved. All we can do -at this point is 
attenipt to describe the present state of affairs, and the reader's 
guess as to what the future will bring to light Js perhaps as good 
as anyone's. ' . ^ ' . . 

As we have said, there was np evidence? until 1964^ that the 
laws of nature coi^tained the least indication of the direction of 
time. But ten years before that, in 1954; two physicists, T. D. Lee 
and C. N. Yang, of the Institute fdr Advanced Study, at Princeton, 
inadvertently opened up new speculation on this subject. 

A very powerful notibn ip" physics is that there is ascertain 
symmetry inherent in nature and that the detection of symmetries ^ 
'greatly clarifies our;.uhderstanding of nature; Let's return to our 
two. billiard balls fof ah example. We found that there was no .way ' 
to determine the direction of time by running the film forward and 
backward— assuming that the table is ^rictionless. The laws gov- ' 
erning the interactions an^" motions of the balls are not sensitive 
to time's directj/jn. We could extend this test to any of the laws of 
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nature that we wished to investigate by making movies of proc- 
esses governed hy the law under consideration. As long as we could 
not tell the difference between running the film backward and for- 
ward, we could say that the laws ,were insensitive to time's direc- 
tion, or in the language of, physics, time "invariance" — or 
iijvariance — is preserved. 

But 'T" invariance is not the only kind of symmetry in 
nature. Anpther kind of symmetry is what we might call left-hand, 
right-hand symmetry. We can test for this kind'^of symmetry by 
performing two experiments. First, we set up the apparatus^ to 
perform a certain experiment, and we observe the result of this 
experiment. Then we set up our apparatus as it would appear in 
the mirror image of our first experiment and observe the result of 
experiment. If 'left-right symmetry is -preserved, then the 
result of our second experinient will be just what we observe by 
watching the result of our first experiment in a' mirror. If such a 
result is obtained, then we know that left-right -symmetry is pre- 
served — or as the physicist would say, there is parity h^ween left 
-and right, or "P^' invariance is preserved.- ^ . 

Until 1956, everyone believed that left-right parity 'was 
always preserved. No experiment gave any evidence to the con- 
traryrSti^ Lee and Yang, in-order to explain a phenomenon that 
was puzzling scientists studying certain tiny atomic particles, pro- 
posed that parity is not always preserved. / 

The issue was settled by an experiment performed in 1957 ^t 
the National Bureau of Standards facilities by Madame Chien- 
Shuing Wu, Ernest Ambler, R. W. Hayward, D. D. Hoppes, and R. 
P. Hudson — scientists from Columb'ia University — and the NBS in 
• Washington, D. C. We shall not go into the details here, but the 
result conclusively proved that parity had fallen; a pivotal concept . 
of quantum mechanics— and even the common-sense world— had 
been destroyed. 

The ' violation of parity— "P" invariance— greatly disturbed 
physicists, and they looked for a way out. To glimpse the- path they , 
took we must consider a third kind of^ymmetry principle in addi- 
tion to 'T" and "P" invariance! This is called charge conjugation, 

" or "C" invariance. In nature there exists, for every kind of parti- 
cle, an opposite nuYnber called an antiparticle. These antiparticles 

' have the same properties as their counterparts except that their 
electric charges, if any, are opposite in sign. For example, the anti- 
particle for the electron, which has a negative charge, is the posi- 
tron,*which has a positive charge. When a particle encounters its 
antiparticle they can both (disappear into a flash of electromagnetic 
energy, according to Einstein's famous equation^fi = mc\ Anti- 
particles were predicted theoretically by the English physicist Paul 
Dirac, in 1928, and were detected experimentally in 1932 by Amer- 

y ican phydcist Carl Anderson, who was studying cosanc^rays. 

. But what has all of this to do with the violation^* nat-ity— 
and. of even more„ concern to us— time reversal? Let's deal with. the ^ 
parity question first. As we have said, experiments were performed 
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that demonstrated that parity was violated, which was a very 
. disturbing result But physicists r were able tQ salvage synnnetry in 
^ very ingenious way: If the mirror is replaced by a-new kind of 
mirror, whicK not only gives a mirror image bift also transforms 
the particles in the experiment into their .corresponding antiparti- 
cles, the symmetry is preserved. In other words, we obtain a regult 
that does not violate a new kind of symmetry. We could say that 
nature-'s mirror not only changes right to left, but also reverses 
matter into antimatter. Thus charge invariance and parity invari- 
.ance taken together are preserved — ''CP" invariano^is preserved— 
and physicists were much relieved. 

This inner peace was short lived, however. In 1964 J. H. 
. Christens6n and his colleagues at Priruieton University performed 
an experiment that gave a result that could not be* accounted for- 
even by a mirror that replaced matter* by antimatter, and CP sym- 
' metry was broken. But this turns out ta have an implication for 
time invariance, or "T" invariance. From relativity anji quantum 
mechanics, cornerstones of modern physics, comes a super-symmetry 
principle that says : If we have a' mirror that changes left to 
right, exchanges nriatter for antimatter, and on top of all this, 
causes time to run backwai'd in the sense of showing a movie back- 
ward — ^then we get a result that should be allowed in nature. 

' We must underline here that this super-symmetry principle is 
not based on a few controversial experiments undertaken in the 
murky corners of physics, but is a clear implication of relativity 
and quantum mechanics ; and to deny this super principle would be 
to undermine the whole of modem phys-ics. The implication of the 
experiment in 1964.that demonstrated a violation of ''CP" invariance 
requires-/ that time invariance symmetry — "T" syminetry— be 
broken, if the super principle is to be preserved. Nobody to date 
has actually observed "T" invariance symmetry violated. It is only 
inferred from the broken CP symmetry experiment combined vrith 
the super CPT principle. ' . 

It is not clear whafcall of these broken symmetries mean for 
man in his everyday liie'. But such difficulties in the pa§t have 
always created a challeHge leading to new . and unexpected insight 
into the underlying profcesses of nature. The violations of the sym- 
metry principles we nave disciissed represent only a very few 
. exceptions to the results generally obtained, but these minute, dis- 
crepancies have many times led to revolutionary new ways of look- 
ing at nature. / • , / 
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We have seen that the measurement and determination of 
time are inseparably related to astronomy. Another facet of ,this 
relationship, which sheds light on the evolution of the universe and 
the objects it contains, has been revealed over the past few dec- 
ades. In this chapter we shall see hoW theory combined with obser- 
vations has allowed us to estimate the age of the universe. We 
shall discuss some "stars" that transmit signals like "clockwork," 
and.we shall discuss a peculiar kind of star to which the full force 
of relativity theory must be allied if we are to understand the 
flow of time in the vicinity of such a star. And finally we shall dis- 
cuss a new technique of radio astronomy that became possible only 
with the development of atomic clocks, and that has interesting 
applications outside of radio astronomy. 

MEASURING THE AGE OF THE UNIVERSE 

In 1648 Irish Archbishop Usher asserted that the universe 
was formed on Sunday, October 23, 40Q4 B. C. Since then there 
haye been numerous estimates of the age of the universe, and each 
new figure places the origin back' in. a .more, distant time^ In the 
19th Century, Lord Kelvin estimated that it had taken the earth 20 
to 40 million years to cool from its initial' temperaturfe to its pres- 
ent temperature. Jn the 1930's^ radioactive dating-of rocks settled 
on two billion years, and the Wst .recent estimates for the age of 
the universe lie between 10 and 20 billion years. • 

These newest estimates are developed along two lines of 
thought and observation : The first relates the age of the universe 
to* the speeds, away from the earth. Of distax^t galaxies. The second 
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* is obtained from observation's of the makeup of the universe that 
p.eg it as being at a particular point in time along its evolutionary' 
''track." / 

t . 

The Expanding Unfverse— Time Equals Distance 

Throughout much of history, man has- tended to think of the 
universe as enduring "from everlasting to everlasting." But in 
1915 Einstein applied his theory of general relativity to the prob- 
lem of the evolution of the universe and reluctantly came to the 
conclusion that the universie is dynamic and expanding. In fact, he 
was so dubious about his conclusion that he introduced a new term 
into his equations — the "cosmological term" — to 'prevent his equa- 
tions from predicting this expansion. Then in 1929, some 14 years 
later, the American astronomer Edwin Hubble discovered thai the 
universe was indeed expanding, and Einstein is reported to have ' 
^ said that the cosmological term was "the biggest blunder of my 
Ufe." " " ' 

We have already encountered the technique used by Hubble to 
discover the expanding universe. I.t is based on the Doppler effect, 
whereby the whistle of an approaching: train seems to have its fre- 
quency shifted^ upward,, and then shifted downward as the train 
moves away. Hubble was investigating the light from a inimber of 
-. celestial objects when he noticed that certain aspects of the light 
spectrum were shifted to lower frequencies, as though the radiat- 
ing objects were moving away from the earth at high speeds. Fur- 
thermore, the more distant the object, the greater it& speed away 
from the earth. ^ 

With Hubble's discovery of the relationship bfetw^n distance 
and speed, it was possible to estimate an age of the universe. The 
fact that all objects were moving away from the earth meant that 
all celestial objects had at some time in the distant- past originated 
from one point. The. observed distance to the objects^ with tfieir 
corresponding jrecessioiiiar speeds, , when extrapolated backward in 
time, indicated an origin about 20 billion years ago. Of course, we 
might'v^spect that the recessional speeds have been slowing dowai 
with time; so the age '-of the universe could be less than that 
^ derived from the presently measured speeds. In fact, using the evo- 
lutionary Jine of reasoning to estimate the age of the universe^ we 
find that this seems to be the case. 

Big Bang or Steady State? 

Scientists have developed theories for the evolution of the uni- 
verse. And according to these theories, the universe evolves in a 
certain way, and the constitution of the universe at any point in 
time is unique. From the observations to date, it would appear that 
the universe is ^bout ten billion years old, *which fits in with the 
notion that the universe was, at an earlier date, expanding at a 
greater-rate than it is today. This theory is known popularly as the * 
"big bang" theory. It postulates that at the origin of time, the uni- 
verse was concentrated with infinite density and then, catastrophi- 
cally exploded outward, an^'that the galaxies were, formed from 
this prhnordial material. ^ 



Competing with this theory is the so-called "steady state" 
theory, which is more in likie with the philosophical thought that 
the universe endures "from everlasting to everlasting," But the 
great bulk of the astronomical observations today agrees with the 
big bang theory rather than the steady-state theory, and the steady ^ 
state theory has been largely abandonefl, 

^Of course, we are still faced with the unsettling^ question of 
what about before the big bang. We do not have the answrer. But ; 
perhaps the reader will have realized by this point that "time has 
: many faces, and perhaps in the long run questions of this sort, , 
relating to the ultimate beginning and end of the universe, are 
simply projections of our own micro experience into the macro- 
"world of a universe that knows no beginnings and no ends.. 

STELLAR CLOCKS 

. Quite of ten /in. science a project that was intended to explore 
one area stumjbles unexpectedly upon interesting results in ' - 

another. Several years ago, a special radio telescope was built at 
Cambridge UhiKrersity's Mullard Radio Observatory in England, to 

study the twinfkling of radio stars — stars that emit radio waves. / 
The twinkling c^n be caused by streams of electrons emitted by the 
sun. It may be quite fast, so equipment was designed to detect 

rapid changes. ^ ■ ' -a^ 

In August of 1964, a strange effect was noticed on a strip of . " 

paper used to record the stellar radio signals: There was a group . 
of sharp pulses bunched tightly together. The effect was observied 
for over a month and then disappeared, only t6 reappear. Careful . ' 
analysis indicated that the pulses were poming with incredible reg- 
ularity at the rate of 1.33730113 per second, and each pulse lasted A A = n /\ \ 

10 to 20 milliseconds. Such a uniform rate caused-^some observers — '* ' * . / 

to suspect that a broadcast by intelligent beings from outer space PULSA R S/gMAL 

had been intercepted. But further observations disclosed the pres- 

encfe of other such "stellar clocks" in our . own galaxy — the Milky . ■ 

Way Galaxy— and it did not seem reasonable that intelligent life 

would be so plentiful within our own galaxy. . , " 

It is generally beligVed now that the stellar clocks, or pulsars 
as they are called, are neutron stars, which represent one of the 

i ■ ■ ■• ■ . ^ - " 
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-na§t:,||a|ei^ a star.. According to^the theory of the 

- birtl^'^volutiTJnTan of stars, stars are formed from>4nter. 

stellar dust ana^gas that may come from debris left over ^om the 
initial ''big bang* or from the dust of^stars that have died in a 
violent explosion or "super nova."' 

' A particular cloud of gas and dust will begin to condense 
because of the mutual gravitational attraction between particles. 
As the particles become more compact and dense, the gravitational 
forces increase, forming a tighter and tighter ball, which is finally 
so dense and hot that nuclear reactions, like a continuously explod- 
ing H bomb, are set off in the interior of the mass. 

White Dwarfs * 

In a young star, the energy of heat and light is produced by 
^ the nuclear burning of hydrogen into helium. The pressure gener- 
ated by this process pushes the stellar material outward against 
the inward force of :gravitation. The two forces struggle against 
each other until a balance is reached. When the Hydrogen is 
exhausted, th^ star begins to collapse gravitationally upon itself 
again, until such a high pressure is reached that the heliui^ begins 
to .burn, creating new arid heavier elements. Finally, no fSrther 
burning is possible, no matter what the pressure, and the. star 

■■•begins to collapse un^r its own weight. 

At this point, what happehs to^the star depends upon its mass. 

^ If '.its niass is near thaty)f our own sun, it collapses into a Strang^ 
kind of matter that is enonnously more dense than matt^j^rgan- 
ized into the materials we are familiar with on earth. One cubic 
centimeter of such, matter weighs about 1000 kilograms. Such a 
collapsed star is called a "white dwarf," and it shines faintly for 
billions of years, before becoming a "elinker" in space. 

Neutron Stars 

For stars that are slightly more massive than our sun, .the • 
gravitational collapse goes beyond the whjte dwarf stage. The 
gravitational force^so great and 'the atoms are jammed together . 
so closely that me electrons circling the core of the atom are 
pressed to the cote, joining with the protons to form neutrons with 
no electrical charge. Normally,- neutrons decay into a proton, 'a 
massless particle called a i^eutrino, and a high-speed electron, with 
a half -life of about 11 minutes— that is, balf -of the neutrons will 
decay in 11 minutes. But gi\;^en the enormous gravitational force 
inside a collapsed star, the electrons are not able to escape, and 
thus we have a "neutron star"— a ball about 20 kilometers in 
diameter, having a density a hundred million times the density of 
a white 'dwarf. Such an object could ^rotate very fast and not fly ^ 
apart, and it looks as though the neutron star is the answer to the 
puzzlfng "^tell^r clocks." 

But Where do the pulses come from? Such a neutron star will " 
have^a magnetic field that rotates with the star, as the earth's'^ 
magnetic field rotates- wjth fjfae earth. Electrically charged particles 
near the star will be 's^^(^|>t'|long by the rotating magnetic field; 
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'and the farther they are.from the star, the faster they will have to 
rotate— like the ice skater on the end of a "crack the whip" chain. 

The most, distant particles will approach speeds near that of 
light; but according to the relativity theory no particle can exceed' 
th^ speed of light. So these particles will radiate .energy to '"avoid" 
exceeding the speed of light. If the" particles -^are group^ed into 
bunches, then each time a bunch sweeps ty, we will see a burst of 
light or radio energy as though it ^irere coming from a rotating 
beacon of light. Thus the pulses we detect on earth- are in reality 
th^ signals produced as the light sweeps by us. If such an explana- 
tion is correct, then the star gradually loses energy because* of 
radio and light emission, and the star will slow down. Careful 
observations show that pulsar rates are slowing down gradually, 
by an amount i)redicted by the theory. 

• ' ^ 
Blaek Hole&^TIm^ Comes to a Sto^ 

Stars Y^ith masses about fh^t of our own sun or smaller col- 
lapse into white dwarfs; {slightly more massive stars collapse into 
neutron stars. Now let's consider stars that are ^o massive that 
thl^y collapse into a point in space. 

-In the case of the neutron star, complete collapse is prevented 
ri^ the nuclear; forces within the nejutrons, but with the? more mas- 
sive §tars, ' gravitation overcome/ even the nuclear forces; and 
according t6 the theories availablfe^day, the-star continues to col- 
lapse to a point in space containing all of the mass of the original 
star, but with zero volume, so that the density and* gravity are 
inl^nite— Cavity is so strong near this object that , even light 
cannot escape; hgnce the term black hole. 

These fantastic objects — black holes — wefe postulated theoret- 
ically, utilizing relativity theory, in the late IJSO's; and within the 
last few years the eSfidenqe is mounting that they do indeed exist. 
One such observation reveals a star circling around an invisible 
object in space.' In the vicinitydf this unseen star, ot black hole, 
strong x-rays ar^ emitted, and it is suspected that these x-rays are 
generated by matter streaming into the black hole — matter that 
the gravity field of the black hole'pulls away from the companion 

How would time behave in the vicinity of such a strange 
object? We recall from our section on relativity (page 125) that 
al^ the gravitational field increases, clpcks run more slowly. Let's 
ajpply this idea to a black hole. Suppose w6 start out with a mas- — 
sive^star that has exhausted all fuel for its nuclear furnace and is 
now beginning to undergo^ gravitational collapse. 

We'll suppose that on \he surface of this collapsing star we 
have an atomic frequency standard whose frequency is communi- 
cated to a distant observer by light signals. As the star collapses, 
the frequency of the atomic standard, as communicated by the 
light signal, would deg^ease as the gravitational field increases. 
.Finally, the size of the star reaches a critical value where the 
gravitational pull is so strong that the light signal is not able to 
leave the sui;£ace of the star. 
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Our distant' observer would notice two things a^ the star 
approaches this critical size: First, the clock on the surface of the 
star is running more and more slowly; and at the same time, the 
image of the star is getting weaker. Finally we are left with only . 
the "Cheshire cat smile'* of the star. 

A careful;, mathematical analysis of the situation shows that 
for the distaril& olDseryer, it appears to take infinite time for th€ 
star tg reach tjiis cxdtieal size; but for an observer riding'with !the » - 
clock on the surface, of the star, the critical size is reached in a 
finite,length,of time. ' ^. 

What does all of this mean? No^ohe knows fpr sure. The equa- 
tions indicate that the massive star just keeps c61]^§ajjg,,.Qjj,,,^g^^ 
until it is merely a point in space. MathematicianTcall these points 
in space singularities; and when a singularity is encountered in a-^ 
niathematical law of nature, it means that the theory has {)roken 
down and scientists start looking for a more powerful theory that 
will lead them into new pastures. It has happened many times 
before in physics. For Example, when Niels Bohr-postulated that 
an electron^ could circle arouhd aj^ atom without spiraling into the 
nucleus, he provided a step.ping-stona toward d whole new concept 
of the micro-world. Perhaps the "black hole" is the doorway con- . 
necting the micro- world to the macro- wo rid. ^ ^ 

TIME, DISTANCE AND RADIO STARS 

In Chapter 12 we described systems for determining distance 
and locaj^ion from synchronize, radio signals. Here we shall dis- 
cuss a new technique for relating time to distance via observations 
of radio stars — a technique that has grown out of the relatively 
new science of radio astronomy. , - 

One of the problems of astronomy is to determine th^ direc- 
tion ajid shapes of distant celestial objects. A^^onomers reier to 
this as the "resolutio^i"' problem^ The resolution of a telescope is 
primarily determined 'by two factors — the arpa of the device that.-^: 
collects the radiation from outer space, and the radiation fre- 
quency at which thje observation js made. 

As we might expect, the bigger the collecting area, the better 
the resolution ;• but not so obvious is "^e fact that resolution 
decreases as we make observations at lower frequencies. For opti- 
cal astronomers the area of the collecting device is simply > the area 
of the lens or mirror that intercepts the stellar radiation. And for_ 
radio astronomers it is th^e area of the antenna— quite often in the. 
shape of a dish — that figures in the determination of resolution. 

^ Because of the dependence of resolution on frequency, an opti- 
cal telescope lens with the same area as a radio telescope dish , 
yields a system with much greater resolution because ^ optical fr^ 
quencies are much higher than radio frequencies. The'cOst and 
eng-ineering diffidulties associated with building large radio anten-* 
nas, to achieve high resolution at radio frequencies, fostered alter- 
native approaches. A system consisting of two small antennas sep- 
arated by a distance has the sajne' resolution as one large antenna 
whose diameter is equal to the separation distance. Thus, instead 



of building one large antenna ten kilometers in diameter,' we cian 
achieve the same resolution with two smaller antennas separated 
by ten kilometers. 

But as always, this advantage is obtained at a cost. The cost is " 
that *re must very carefully combine the sisals received at the 
two smaller dishes. For large iseparation distances, the signals' at 
the two antennas are typically recorded on magnetic tape, using 
high-quality tape recorders. , . • 

It is important that the two signals be recorded very accu- 
rately with respect to time. This is achieved by placing at the two 
antenna sites synchronized ^ atomic clocks that generate time sig- 
nals recorded directly on the two tapes along with the radio sig- 
nals ^rom the \wo /stars. With the time information recorded 
directly on the tapes, we can at some later time bring the two 
taiJes together— usually to a location where^ a large computer is 
available — and ''combine the two Signals in the time sequence in 
which they wiere-briginally recorded. This is important, for othier- 
wise we will get a combined signal that we cannot easily disentan- 
gle. 

■ " ' It is also important that the radio-star signals be recorded 
with respect to a very stable. frequency source; otherwise, the re- 
corded radio-sliar signals will have variations, as' though the radio 
telescopes were tuned to different frequencies of the radio star 
"broajicast" during the measurement. The effect would be similar 
to trying to listen to a radio broadcast while someone else was con- 
tinually tuning to a new station. The/atomic standard also provides 
this stable frequency-reference signal. These requirements for time 
and frequency information are so stringent tjiat the (wo-antenna 
technique, with large separation distance, is not practical without 
atomic clocks./ / 

Tp un^ierstand the implications of this technique for synch^Q^i-' 
zation and^'distance measui;ement,. We need to dig a little jiji^re 
deeply. In the sketch, we see a signal coming from a distant 
radio star. Signals from radio stars are not at one freqiiejicy, but 
are' a jumble of signals at many frequencies; so the signal has the 
appearance of "noise," as sjfiown in the sketch. ' 

Let's now consider a signal that is just arriving at the two 
antennas. Because the star is not directly overhead, the signal 
arriving at antenna A still has an extra distance, D, to travel 
before it reaches anten;ia-B. Let's suppose that it takes the signal 
a time, T, to travel the extra distance, Z), to antenna B: Thus we 
are recording the signal at A, a time T before it is recorded at B. 
The situation is similar to recording a voice transmission from a 
satellite at two different locations on the earth. Both, locations- 
record the same voice transmission, but one transmission lags 
behind the other in time. 

Let's replace' the radio star with a satellite. Suppose we know 
the locations of the satellite and the two earth sit^s, A and B, as 
shown in the sketch. We record the two voice transmissions, on 
tape, and later bring the two recordings 'together and play them 
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back simultaneously. We hear two voices, one being the "echo" of 
the other. ■ 

. Now suppose that we have a device that allows us to .delay the 
Wgnal coming out of tape recorder A by' an amount that is accu- 
Jrately indicated by a meter attached to the delay device. We adjust 
the delay from tape recorder A until the two voice signals are syn- 
chronized—that is, until the echo has. disappeared. The amount of 
delay required to luring the two voices into synchronism is pre- 
cisely the delay, T, cfOTresponding to the extra distance the signal 
must travel on its way to antenna with respect to antenna A. . 

We stated that we knew the locations of the satellite and of A ' 
and B. This is enough information to calculate T\ Suppose T is cal- 
culated to be 100 nanoseconds, but that the delay we measure to 
get rid of the - echo is 90 nanoseconds. We are now confronted 
with a problem. Either the locations of the satellite and of A and 
B that we used to calculate T are in error, or the atomic clocks at 
A and%^f^ot synchronized. 

Wej:echeck and find that/the gijjund stations and satellite^ 
* positions are not in eii^or. Tlierefor^, we conclude that th6 10, 
nanoseconds error is due to the fact that the clocks are not syn- 
chronized. In fact, they must be out of synchronization by 10 nano- 
seconds. We now have a new means of synchronizing clocks. 

We can also turn this situ^ion arotind. .Suppose we know for 
certain that the clocks are synchronized, and we also know the 
position of the satellite accurately. By combining signals recorded 
at A and B, w^e can determine what the A,-B separation must be to 
give the measured time lag. Work is no\y underway to utilize just 
suc^r-j:echnijque&Vbut with radio stars instead of satellites — to 
meaWre the distance between distant parts of the surfece of the 
earth to a few centimeters. Such measurements ma^ give new 
insight into earth crust movements and deformations that may be 
crjicial for the prediction of earthquaCkes. \ ^ ^ ' • 

The uses to which' 'the relationships of time, frequency, and 
astroriomy maybe -put are far reaching, and we probably have 
seen only the beginning.' 
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Automation is a cornerstone of modern industrial society. In a 
sense the clock planted the seed of automation, since its mechanism 
solves most of the problems associated with ]|puilding any kind of 
mechanical device wl>ose/sequence of steps is controlled by each 
preceding step. ' 

A good example^ is the automatic^ washing machine. Most such 
machines have a "timer" that initiates v^^rious phases of the wash 
cycle and also controls the duration of -each .pha^. The timei' i^y 
"instruct" the tub to fill for 2 minutes, wash 8 minutes, drain, 
perform various spray-rinse operations, fill again and rinse, and 
finally spin-dry for 4 minutes. In most m'acliines the operator can 
exercise some control over' the number and (juration of these 
phases. But unless there is spme such interference, once the wash 

•«»cycle is started,, the tim^r and its associated control components 

^ areoblivious to happening^ in the outside world,, 

OPEN-LOOP SYSTEMS 

A control system such as that in an automatic elothes or dish ' 
washing machine is called an "open-loop" system, whose main 
characteristic is that once the process isv started,, it proceeds 
through a preestablished pattern at a.specifi^ rate. OthQrr>exam- 
ples of devices utilizing open-loop control systenis are peanui-vend- 
ing machines, music boxes, and player pianos. ^B^gh such machine 
1^ under the control of a clockwork-like riiechanish^ttTat proceeds 
merrily along, oblivious to the rest of the world— like the broom in 
the story, "The Sorcerer's 'Apprentfce," ihat Ijrings in bucketfijf 
after bucketful of .wat^even though tl^e house-is^ inundated. 




ERIC 




Electric eve , 

ACnVATBO By 

rUR9J OFF 
STREET USHT 




CLOSED-LOOP. SYSTEMS 

' Another important kind of control system, called a "closed- 
loop" system, Employs feedback. An example is a network of city 
street lights activated by a signal from an ''electric eye." During 
the daylight hours, the electric eye detecfcTthe presence of sunlig^t"^ 
and produces a sign^il that is "fed back" to a controlling mecha- 
nism that keeps the lights turned off.' At night the lack of sunlight 
fhrough the electric eye ''instructs" the control system to turn the 
lights on and keep them on. This' system, with its feedback, auto- 
matically adjusts for the change in the length of th^e day through- 
out the seasons. We have already encountered other systems with 
feedback, or 'self-regulatipg systems, in Chapter 2, and again in 
Chapter 5) in the discussion of atomic clocks. 

Systems utilizing feedback are dependent upon time>iand fre- 
quency concepts in a number of ways. We shall explore these in. 
some depth by cjoiisiderihg^the operation of a radar system that 
tracks the path of an airplane. Such tracking systems were devel- 
oped during World War II and were used for the automatic aiming 
of anti-aircraft guns. Today, tracking radars are used extensively 
variety of ways — such as tracking storms, civilian aircraft,' 
and even bird migrations. ^ , ' 

'The operational principle of the tracking system is quite 
simple. A "string" of radar (radio) pulses is transmitted from a 
radar antenna. If a pulse of radio energy hits an airplane, it is 
rifflected back to the radar antenna, now acting as receiving 
antenna. This i*eflec£6d signal, or radar echo, indicates to the radar 
system the presence of , an airplane. If the echo signal strength 
increases with time, the airplane is moving in toward the center of 
the radar beam; and if the echo signal strength is decreasing] Dhe 
airplane is moving out of the radar beam.^ " . " " 

This change, of echo signal strength with time is fe4 back to 
some device — perhaps a computer — which interprets i the echo 
signal and jbhen "instructs" the radar antenna to point toward the' 
airplane. It all 'sounds very simple,, but, as usual, ^ere [are prob- 
lems. > - ; ^ ' 

TRe Response Time ' 

^ The antenna does not respond immeliiately to chani'es in the 
/direction of the airplane's flight, for a number of rei^ons. The 
inertia associated with 'the mass of t}ie antenna k^ep^ it from 
moving at an instant's notice. I*-also takes time for the computer 
<to interpret the echo signal; and of course there is the delay associ- 
ated with the travel time of the radar signal itfeelf,"td the airplane 
and back. " * _ . - * 

These difficulties bring out an important time concept relate'd 
to feedback 'systems — namely^ the "system-response "lime." '^ven 
human beings are 'Subject fo this delayed response time, which- is 
^ typically about 0.3 second. In dinosaurs the problem was particu- 
- larly serious;" a dinosaur 30 metiers Ipng would take almost a full 
. second to react to some dangei- near its tail — if^it weren't for an 
^ "assistant brain" near thfe base af its spine ! 
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. In our;;0wn^example, if the sysfem'-response time :is tb?) long, 
the plane may mo^e out 6f the ^ radar beam, before' -the antenna 
takes a corrective action. The best information in the world is of 
little-use if it is tidt applied in time. * . 

System Magnificatiort or Gafn , ^' 

The accurate' tracking of ah airplane really depend^'upon tiie 
intjpr^lay between* two factors-r-the response time just mentioned, 
and the magnification or gain of the feedback system. ; 

We can easily understand this Interplay by, considering the 
problem o^lookifig at an airplane through a telescope. At low mag- 
' nificatipn, or low tf les^sQpe *"gain^^4he airplane covets only a itoall 
portion pf th^otai 'lield^ff yjew of the teles^c^^ 
' a sudden' turn, we can easilyVedirect the telescope before the^lane 
disappears from vi^w:; - " 

But' with high telescope magriification^^the plan^vill pover a 
larger portion of tlie totah field of view.. In fact, we may be able to 
see only a portion l^f the •^pJaneV ;;«lch as the tail section, .but in 
great detail. WiUi high" magnification, then, we ma^r not be able to . 
redirect the telescope before the jplane disappea'rs from view. . ■ " ■ ^ 
. These observations bring us to the-c^clusion that if we want 
to track an airplane successfully with, a high-magnification or . 
high-gain telescope, we must be alJle'to react qfuickly. That is, we 
must have a short respor^e iime.^ With low^j^ magnification, we 
, don't have to react so quickly. The qbvious advantage of high mag- 
mfication, from the point of ^riew of tracking, is that we are able 
.to track the airplane v^ijh grfeata: accuracy than with low magnifi- 
cation. Or to put it diff^rfntly, -if the telescope is not pointed 
directly toward flie airplane, we won't see it.- With lower magnifi-^ 
'.cation there is^a certain amount oJ' latitude in pointing the tele- 
, scope while s^l] keeping the plane in view-^which means th^t the 
tfelescope may a;igt be pointed squarely at the plan^^^ 

These pi^inmples of^the telescope apply to a radar tracking 
antenna. The radar radio signal- spreads out as a beam from the 
radar antenna. Depending upon the. construction of the antenna, 
the beam, may be. narrow or wide, juSt as a flasl^light beam may be 
* narrow or wide. With ^ narro,w beam, all of the radio -energy is • 
co!lfeentrated and tr^ve^s in neai*ly the same direction; If the beam ^ 
strikes an oSject, such as the. metal surface of an airplane, strong 
echoes are reflectedlaack to the radar antenna. - 

.'On the Qtjier hand, we wjll get no ^reflection's .at. all from, 
objects in the vicinity of the airplane, since they are missed by the 
narrow radar beam. Wittv a wide radar beam, the energy is more 
dispers^, so we will get only^ weak reflections, but from objects 
located^hroughout a larger volume ' * 

Thus the nalrrow-heamjrad^r wi'responds to the high-magnifi- 
cation tfflescope, since it gives good 'informattion about a-Snialiy 
volume of space,' whereas the vnde-heam radar coi;'responds to the' 
low-magnificatioi\/ telescope, !since we" get less detailed information 
about, atorger Volume of spac6.*With the narrow-beam radar the . 
tracking^ system" must react quickly to, changes, in- direction of the^ 
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airplane; otherwise the plane may fly out of the beam. And with 
the wide-beam antenna, more time is available to redirect the 
antenna before the echoes stop. 

Obviously the narrovV^-beam — high -gain — tracking antennd 
does a better job of following the path of the airplane, but the 
price to be paid is that the system must, respond quickly to changes 
in direction of the plane; otherwise, the airplane may be lost from 
view. . . ' ' 

Recognizing the Signal " . ' ^ 

There is ^another kind of difficulty that the radar tracking 
system may encounter.. Not all signals r(?aching the radar antenna 
are return echoes from the airplane we are interested in tracking. 
There may be "noise" from lightning flashes, or reflections from 
^ other airplanes, or perhaps even certain kinds of cloud formations... 
'^^*<>5r--S?^^^ ^^^^''^"^^"^ signals all serve to confuse the tracking systemt 
^^"TT'the antenna is to follow^he plane accurately, it must utilize only 
the desirednecho signals and screen out and discard all others. 

It is at this point that another time and frequency concept, 
primarily mathematical in nature, comes to our aid. As we shall 
V see, this mathemathical development allows^us to dissect the radar 
. ' sign^ll — or any other signal— into -a number of simple components. 
The dissection giyes us insight into its "inner construction," and, 
such information will be invaluable in, our task'of separating the 
desired signal from extraneous signals knd no(se. - 

Fourier's "Tinker Toys" ' 

^ The mathematician moi^t responsible for the development of 
th&e ideas was a Frenchman by the name of J, B. J. Fourier, who 
lived in.the early part of the 19th Century. Fourier's development 
led to a very ' profound idea— Namely, .that almost any shape of 
' signal that conveys information can be dissected into a numbdr of 
simpler signals called sine wavjes. We have already encountered 
sine ^aves a number of times iji this book, ^)ut we havent called" 
th^ t^at. Sine waves* are very intimately Tr^lated to devices that ' 
Vibrate, ^r swing back and forth; For example, if we trace out the 
swinging, motion of a pendulum on a moving piece of paper, we 
have a sine wa^e. * . ' 

This sine waye has* two important characteristics. First, it has 
• an amplitude indicated by the lei^gth of the arrow marked A; and 
second, it has a pTattern that repeats itself once each cycle. The 
number of cycles'per secon'd is the freqtiencyof the sine "wave;' and 
the length of - a particular cycle, in seconds, is the. period of the 
sine wave. In our example there are ten cycled each siBCond, so the ,^ 
frequency is ten cycles per secondj'or Hz. And the period is, 
' therefore, 0.1 second. We can have sets of sine wave^ all with the 
same frequency but with differing amplitudes; or sets with differ- 
ing frequencies, but all with the same amplitude ; or sets with dif- 
^ fering amplitudes and differing frequencies. . , ^ 

Fourier discovered that with"^ the. proper set of sine waves .'of 
differing amplitudes and frequencies, he could construct a i^gnal of 
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almost any shape. We can think of sine waves as the "tinker toys^ 
out of 'which we can construct diifferent Signals. Let's see how this 
wirks. ( 

^ Suppose we'd like to construct a .signal with a square wave 
shape, like the>one shgwn in the sketch. Since each cycle of the 
square wave is identical to its neighbors, we neecj consider only 
how to build one square-wave cycle; all others will be constructed 
from the same recipe. The sketch shows one cycle of the square 
wave 'magtiified. The sine wa/e marked "A" approximates the 
shape of the square waVe; and if we were for some strange reason 
restricted to only one sine wave jn our building of the square 
wave, this is the one we should pick. 

In a sense this particular sin^ wave represents to the Commu- 
nications engineer what a roughed-out piece of marble represents 
to the sculptor? and further additions of sine waves represent 
refinements. of the square wave in* the same sense that further 
work o^ the marble brings out details of the statue. By adding th^ 
sine waves B and C to A; we get the. signal marked D, which, as 
we siee, is an even closer" approximation to the square wave. This 
prob^of adding or superimposing sine waves is similar to what 
happens , when ocean waves of different wave lengths, come 
together; the merging ocean waves produce a new wave,- whose 
detailed characteristics depend upon the properties of the original' 
constituent ocean waves, - , . ^ . 

^ If we wishect?Ns^e^could add even more sine wAves to A,' 
besides B and C, and obtain an even closer approximation to a 
square wave. Fourier's recipe tells us precisely what sine waves we 
need to add. We shall not go into theydetails here, but as a rule of . 
thumb, we can make a general observation: If our signal is very 
short — such- as a pulse of energy one microsecond long— then it 
takes many sine waves covering a wide range of fluencies to 
construct the pulse. If, on the other hand, the signal is long and 
do^s not change erratically in shape, then we can get by with 
fewer sine waves coverihg a narrower range of frequencies. 

This concept of relating piilse length to range of frequencies ' 
is also the mathematical underpinning for the subject we covered 
in Chapter 4, decay time— which is .one divided by the frequency ' 
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width of the resonance curve. We recall that a pendulum with a 
long decay time, because of low friction, will respond only to 
pushes at orates corresponding to a narrow range of frequencies at 
or near its own natural frequency^ In a similar jjiathematical 
sense, a radar signal that lasts for a long tilne— in a^ense, that 
has a long decay tjpie. — can be constructed from sine wa\^s cover- 
ing: a narrdw range of frequenciesNA-t^dio pulse lai^ting only a 
short^hile^ — corresponding t6 A penduliim^ with" a- short decay time 

tr ' 

to pushes covering a broad range, of frequ^cies. i / 

Finding^thl^ Signal ^ 

Now we must relate Fourier's ^f^overy to the. problem of^* 
extracting weak radar-echo signals from a noisy background. The 
. problem is sompwpat similar to building a cage to trap mice, 
where the mice play the role of .the radi^r echo signg^L and .the"cage\ 
is the radar receiver. One of the most oTbvious things to do is to 
make the trap door into the cage only big enough to let in mice^N. 
and to keep out rats, cats, and dogs. This corresponds to letting in 
only that range of f regencies necessary to, make up the radar 
signal we are trying to '^pture." To let in a wider range of fre- 
quencies won't make our signal any stronger, and }t piay let ii^" 
more noisfr — rats and cats — which will only serve to confuse the 
situation^ , ^ ' ' \ ' 
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^ But Fourier's discovery suggests hov^r we can^ build an even 
better radar receiver that wilF not only^'keep out rats and cats, but 
hamsters too, which are the 'same size as mice. That is, Fourier 
tells us how to separate signals of different s/ia^^es, even though 
they can be' constructed from different "bundles" of sine waves 
covering the same range of frequencies. 

The length of the signal primarily determines -the frequency 
range of th^ sine waves that we need to build the signal, but 
within this range we can have many bundles of sine waves to con- 
• struct marry different kinds 'of signals simply by adding together 
sine waveg with different ^frequencies, amplitudes, and phases. To 
go back lo the tinker-toy. analogy, we can build many different 
kinds ^ of figures— signals — from tinker toys that are all restricted 
to a given range of lengths — a certain ra'nge of frequencies. 

We construct our radar receiver system not oijy to let in the 
•correct range of frequencies, but also to give favorable treatment 
to those sine waves that have the" amplitudes, frequencies, andv 
phases of exactly' the set of ^slnp waves that make 6p our radar 
signal r in this way we can separate the mice from the hamsters. 
Only the very best radar receivers utilize this approach because it 
is usually expensive; and it requires a high level of, electronic cir- 
cuitry, \^hich relies heffvily on time and frequency technology. 




To complete the story, there is another approac^h to separating 
|he mice from the hamsters, which is informationaHy equivalent to 
the approach just described,^ but which is different from an equip- 
inent point of view. It is^called correlation detection of signals, and 
it simply meaps that the radar receiver ha§' a "memory," and built 
into this memory is an iriiage of the si^al it is . looking for. Thus 
it can accept signals that have the correct image, and reject those 
that have not. It is equivalent to the.systempjust described because 
all of the electronic circuitry required to give favorable treatment 
to the correct bundle of sine waves is equivalent, from an informa- 
tion ppint of vie\r,< to having an image of the desired signal built 
into the receiver. 



154 
i 



er|c 



CORRELATION) DETECTION 



BUILT IW 
IMAOE 



SIGNAL 



SiStJAL COMBS OUT U/HEM 
RECCJN/EO S/6MALAKJb 
IMAGE MATCH - 



CHOOSING A CONTRC^L SYSTEM 

• We have discussed two kinds of control systerfis — the open- 
loop system, which churns along mindlessly in the face of any 
changes in the t>utside world; anjitthe ' closedrloop system, which 
responds to,)Changes in the outside wdrld, As we have seen, both 
systems are intimately relatedl in one way or another to time and 
frequency concepts. But in terms of operation they are almost at 
opposite ends of the pole. 

We might wonder why the open-loop approach is used in some 
applications aUd the closed-loop in others, Perhnps the most cruci^al 
test relatels to our completeness of knowledge of the process *or 
methanism that we wish to control. The process of washing clothes 
is straightforward and predictably the same from one' time to' the 
•next. First wash the clothes in detergent. and wS,ter, then rinse, 
theh spin-(Jry, This predictability suggests the simpler, less expen- 
sive, open-loop, control system, which, as we know, is what is used. 
But some processes are very sensitive to outside influences 
that are not predictable in advance. Driving to work every morn- 
ing between' home and office building is very routine — almost to 
the i»int'of being programable in advance — but not quite. If an 
oncoming car swerves into our latie, we immediately app/eciate the 
full utility of closed-loop control because we can, we ijiope, "lake 
action to avoid a heac^-on colli^on. 

Sometimes the question of closed-loop versus open-lo^yp^ntrol 
reduces fo one of simplicity and economy. In the', street-light 
system activated by an electric eye, for instance, we coiilc^, in prin- 
ciple at least, achieve essentially the same goal with open-loop con- 
trol. Since sunrise and sunset times are very predictable well in 
advance,, we migh^t^^r, example, control the street lights by a com- 
puter^ t^at: each day :^aiculate3^the„tim^^ of sunrise and sunset. But' 
this approach w6ul4^be^c6hsiderably mOape espftehsiye a^nd contplex ' 
-than simply using ah eftlctric .eye as pa^t of a closed-loop control * 
system. Thus quite often we felect to use a closed-loop control, even 
though,' in principle, there , are^ no unknowns that .might a'fFect the 
desired goal. All factors, including available technology that coujd 
be included as part of a system, must be considered, an^ costs and 
other considerations balanced against benefi^. Each kind* of 
system has its advantages and limitations. Both depend upon appli- 
cations of timeOj^d frequency iiijformation and technology for their 
opw^ation. ^ 

/ 
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TIME AS 
INFORMATION 



Many questions in sciencer and technology seek answers to 
such details <as: When did it happen?- How long did it take? Did 
anything else happen at "the same time, or perhaps at some related 
time after? And finally, Where did it happen? We have already 
seen from the point of^view of relativity that questions of when 
and where have no absolute answers; particularly , at speeds 
approaching the speed of light, the separation between space and 
time becomes blurred. But in our discussion here we s^all assume 
that speeds are lo\^, so the absolute distinction between space and 
^time — that Nevii;on visualized — holds. 

THREE KINDS OF TIME INFORMATION REVISITED 

The question of "when" something happened is identified with 
the idea of daiel The question of "how long" it took is identified 
with time internal. And the question of "simultaneous occurrence" . 
is identified with synchronization — as we discussed more "fully in 
Chapter 1.. / ' - - ~ ' ^ 

V In science^ the concept of da.te is particularly important if we 
are trying to relate a numij^F^d^. diverse events that may have 
occurred over ^ long per/od of .time. For example, we may be 
taldng temperature, pre^sire, "wind speed, and direction measure-, 
ments at a number of poiiits both upon and above the surface of 
the 'earth. For the purpos^ of weather forecasts,^ the concept of 
date is very convenient fot such weather measurements because 

, there are a number of pei^ons gathering information at different 
times of the day, month^^d year, scattered over many continents. 
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Not t/o have one common scheme for assigning times to measure- \ 
ments is at least a, very troublesome bookkeeping problem, and at 

' ^ worst could lead to compreite uselessness of the time measurements. 
On the ()therTTaiijd, we are qujyite ofterT content tejoiow simply 
whether some , event occurred simultaneously with S^oEher 'event, 
or after some regular delay. For example, the' fact that a car radio 
always fades whpn we drive under a steel overpass suggests some 
causfe-and-effeot relationship whirfh, at first glance at least; does 

. not appear to be related to date. Although the fading and th^^pass- 
ing under the steel structure occur simultaneously, we notice the; 
same .effect at 8 :20 on the morning ok January 9 that we do at 6:30 j 
in the evening on ApriL24, An important point is that the amount ' 
of time information needed to specify syTicHronism is generally 
less than that required to specify date, and we may be ab le ty 
achieve some economies by realizing the distinxition ^betwffen the 
two, ' P \* 

I Finally, as we have rioted before, time interval/i^ the most 
Ic^calizeH and restrkted of the three main concepts of time---date, - 
'synchronisations and time'^interval. For example, we are quite 
often concerned only about controlling the duration of a process, A 
loaf of bread baked for 45 minutes in. the morning is just as good 
as -one baked for 45 minutes at night, and a loaf baked for 3 hours 
in the morning is just as burned as one b^ed for 3 hours at night, 

To-get a better-handle on' the information content of the three 

kind^ of time, let's return to the problem of boiling an egg. Sup- 
pose we have a^ radio station that broadcasts a time tick once a 
minute, and nothing else. If we want to boil'an egg for three min- 
utes, such a broadcast is quite adequate. We simply drop an egg 
into boiling water upon hearing a tick, and take it out aft-er three 
more ticks, ' . 

But l0t'a suppose now that a next-door neighbor would like to 
prepare a three-minute egg, and for some strange reason he woufd 
like to boil his egg -at the same time we are boiling ours. He can 
use the radio time signal to make certain that he bo'ils the egg for 
three minutes, but he can't use the signal to assure himself that he 
will start .his egg when we start ours. He needs some added infor- 
mation. We might arrange to flash our kitchen lights when we 
start our egg, which will signal him to stajrt his. 
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But of course this wouldn't be a very practical solution if , -for 
some even stranger reason, everyone in the whole town would like 
^ to boil egg^ wh|p we boil ours. At this point it would be more 
practical to incluJe a voice announcement on the radio time sign^al, 
which simply says,- "When you hear th'e next tick, drop ^our egg 
into the water." ^ ' 

^ We hg^ve now solved the simultaneity problem by adding extra 
information to the broadcast, but even this soM|gn is not alto- 
gether satisfactory, for it means that, everyone in the whole ^town 
must keep his radio turned on all the time waiting for the 
. announcement saying, "Drop your egg into the \yater." A much 
more satisfactory arrangement is to announce every hour that all 
^ eggs will be dropped into the \vater on February 13, 1977, at 9:0^ 
A.M. — and to further expand the tirhe broadcasts Xo include 
announcements of the date, say evaify five minutes. 

Thus as we progress through the concepts of time interval, 
simultaneity or synchronism, and date, we see that the information 
content of the broadcast signal must incrSease.* In a more general 
sense, we can say that as we mcpfe from the localized concept of 
time . interval to the generalized concept of date, we mu^t supply 
more information to achieve the desired. coordinatioiT. And as 
usual, We canncJt get something for nothing. • 

TIMC^INFORMATION— SHORT AND LONG 

Generally speaking, we associate time information with clocks 
and watches. Time ihtef'val — if the intdlrval of interest is shorter 
thaii half an hour or so — is often measured with a stop watch. 
Where greater precision is required, we can use some sort of elec- 
tronic time-interval counter. But somV kinds of time information* 
are either too long or too short to be m^Skured by conventional 
means. In our discussion of Time and Astronomy we dec^uced an 
; ^ge for the uniyerse from a combination of astronomical observa- 
tions and theory. Obviously, no clock has been around long enough 
to measure directly such an enormous length of time. 

There are also intervals of time that are too short to be meas- 
ured^ directly by clocks — even electronic counters. For example, 
certain elemfentary atomic particles with names like mesons and 
mtums may live les? than one billionth of a second before they turn 
into other particles. 

If 'we cannot measure such short times with existing- clocks, 
how do we come to know or speak^of suph short intervals' of time? 
Again, we infer the time from some.other measurement that we pari 
make. Generally these particles are traveling at speeds near ihe 
velocity 6f light, or about 5 centimeters in a nanosecojid (ICh® sec- 
ond). When such a particle travels through a material like photo- 
graphic filcn, called an emulsion, it leaves a track, the length of 
which is a measure of the li|etime p^the particle. Tracks as short 
as 5 millionthls bf a centimeter can b^ dietected, so we inter lifetimes ' 
as short as l(h^^ second. But we ninst restate thaj;^e have not 
actually measured the time directly— we have only inferr^ 
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We can imagine even shorter periods of- time, such as the time 
• it would take a light sigpnal to travel across the nucleus of a hydrogen 
atom — about lO-^* second. Of course, we can imagine even shorter 
times, suth as 10-^°°« seco4id. But no one knows for sure what such 
^ short pleriods of time m^an, because no one has measured directly or 
\ indirectly such short times, and we are oivvery uncertain ground if 
we attempt to extrapolate what happens over intervals of time that 
we can measure to intervals well beyond our measurement capa- 
bility. > . . ^ 

The -question of whether time is continuous or comes In 
"lumps" like the-jerky motion of- the second hand on a mechanical 
watch has occupied philosophers and scientists since- the days of 
'the Greeks. Some' scientists have .speculated that time exijsts and 
"passes" in discrete lumus, like' energy: (See page 41.) But 
others think that time is c6jrttinu6us, and that we can divide it mto 
^ as small pieces as we like, as long as we are clever enough to bulW^ 
a device to /do the job, but there is not yet sufficient evidence. 
decide between the two points of view. 



GEOLOGICAL TIME 




We have already seen how. cosmological times have been 
inferred. Here we shall discuss a technique that has shed a good 
deal of flight on the evolution of the earth sCnd life it sustains. 
/Again,^as always, we^want to tie^our i;ime measurements to some 
mechanism pr process that occuri at a regular and predictable 
rate, and has done so for a yer;^ long time. If we want to measure 
soi^jething over a lojig period of time, we should look-for some phe- • 
nomenon that occurs at a very low rate, so that it won't have con- 
sumed itself before our measurement is complete. 

One such process is related t6 carbon 14, which is a radioac- 
tive form of carbon. Carbon 14 hks a "half-life" of 5000 years. 
This means that if we took a lump of pure carbon 14 and looked at 
it 5000 years later, we would find that half of the original lump 
would still be radioactive, but the rest would have "decayed" to- 
become ordinary carbon. After another 5000 years the half tihat 
was radioactive would have been reduced again to half radioactiye 



and half non-radioactive carbon. In other wt)rds, after 10,000 years 
the lump would be Vi radioactive carbon, and % 9rdin;ary carbon. 

We see that we have a steady process where hkH of the radio- 
active carbon present at any particular time will' have' turned into 
ordinary carbon after 5000 years. Radioactive carbon 14 is pro- 
duced by cosmic rays striking the atmosphere of the earth. Some 
of this carbon 14 will eventually Jbe assimilated by living plants in 
the process of photosynthesis, and the plants will be eaten by ani- 
mals. So the carbon 14 eventually finds its way into all living orga- 
nisms. When th6 organism dies,- no further carbon 14 is taken in, 
^and the residual carbon 14 decays with a half-life of about 5000 
[years. By. measuring the amount of radioactivity, then, it is possi- 
hle to estimate the elapsed time since the death of the organism, be 
it plant or animal. 

Other substances have different half -lives. For example, a cer- 
' tain kind of uranium has a half-life of about 10° years. In, this case 
the, uranium is turning not into non-radioactive" uranium, but into^ 
lead. By comparing the ratio of lead to uranium in certain rocks, 
scientists have come to the conclusion that some of these rocks are 
about five billion years old. • , * . i 

INTERCHANGING TIME AND LOCATION INFORMATION 

As we have said, quite often scientists are interested in where 
something happens, as well as token it happens. To go back to our 
weather measurement, knowing where the weather data were 
obtained is as important as kn(Jwing wh^n they were obtained. The 
equations that describe the motion of the atmosphere depend upon 
both location and time information, and an error in either one 
reduces the quality of weather forecasts. 

As a -simple^ illustration, let's suppose that a hurricane is 
observed as moving 100 kilometers per hour in a northerly direc- 
tion at 6:00 A.M., and has just passed over a ship 200 kilometers 
off the coast of Louisiana. Assuming that the stortn keeps moving 
in the same direction at the same speed, it should arrive over New 
Orleans two hours later, ^t 10:00 A.M. But the warniiXg forecast 
could be in error for either or both of tv^o simple reasons : ' The 
ship's clock may be wrong/or the ship may be either nearer to or 
farther from the shore than its n'aVigator, thought. In either case, 
the storm would arrive at New .Gneans at.a timerSEfltet'^tfiian fore- 
cast, and the surprised eitizenii would ha^e^o way of knowing 
which of the two possible errorls^-^M^as^Tesponsible for the faulty 
forecast. - . 

In actual practice, of course, there are otKer faciors that could 
cause a , wrong forecast; the storm mjght veer off in j^me 'other 
direction, or its rate of movement might slacken' or accelerate.- But 
the example illustrates how errors in time or position or both can 
contribute to faulty predictions; and naturally, the difficulty i 
•described here also applies to any process that has both location 
, and time components. Thus we see another kinci of interchangea- . 
bility between time an^i'^space that is distinct f rojn the kind that 
concerned Einstein. ' - , . • 
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TfME AS STORED INFORMATION 

« 

An i^nportant elemept in the^prggress of man's understanding 
of his universe has been his ability, to. store and transmit informa- 

. tion. In primitive societies, information is relayed from oh6 gener-. 
ation to the next thorough vrord qf mouth and through various cere- 
monies and celebrations. In more advanced societies, information is 

' stored in books, long-playing records and tape, microfilm, computer 
memories, and so forth. This information . is relayed by radio, 
television broadcasts, anrfother communication systems. ' 

We have seen that Jtime is a form^of information, but it is also 

.;very perishable because of its dynamic nature. It does not^"stand 

. still," and therefore cannot be stored in, some dusty corner. We 
rftufet maintain it in some active device,- vi^hich is generally called a 
clock. Sortie clocks do a better job of maintaining lime than others*. 
As we have seen, the' best atomic clocks would not be in error by 
more than* a second in 370,000 years— whereas other clocks may 

^ 16se or gain seyeral minutes a day, and may refuse to run alto- 
gether after a few years.. ' 

A.ny clock's "memory" ^rf time fades wKk time, but the rate of 
the fading differs with quality of the clock. Radio broadcasts 
of time information serve to "refresh the clock's mepiory." We 

^have already hit upon this point in our discussion of communica- 
tion systems in Chapter 7. We discussed high-speed communication 
systems in which it is necessary to keep the various clocks in the 
system synchronized, so that the,n?essages do not gel&ost or jum- 
bled with other messages. We also stated that quite often the com- 
munic^ion system itself is used to keep the clocks synchronized. 
But tire transmission of time to keep clocks syn<jhronized is really 
a transmission of information, so ff tbe clocks in a cpmmunication 
system are of poor quality, a good hit of the information capacity 
of the systeni mast be used jiist to keep the clocks synchronized. 




A particularly goo^ illustration of this process occurs in the 
.operation of television. The picture on a black-and-white television 
screen really consists of a large number of horizontal lines that 
vary in'brightnfess. When viewed from a distance the lines give the 
illusion of.a homogeneous picture. : 



The television signal is generated at the TV studio by a TV 
camera, which con verts'-the image of the scene at the studio' into a^, 
series of short electrical signals — one for each line of .tl|.e picture 
' ' displayed on the screen* of the TV set: ,Th6 TV signal' also contains 
information that causes that poi-tlon of the TV picture being dis- 
played on the -screen- to be "locked" to the same portion of 
the scene at the studio that is being scanned by the TV camera. 
That is, the signal io the TV set is synchronized to the one in the 
camera aj^p^he' studio. Thus the TV signal contains not only picture 
.information, hut time information as' well. In fact, a small- per- 
centage of the information capacity of a TV signal is utilized for 
just Such timing information. - 

In principle, if TV sets all cOntair^ed very good ''clocks," 
which were synchronized to the ''clock" in the TV camera at the 
studio, it would be necessary only occasionally to reset the TV 

• receiver "clock" to the camera "clock." But as a practical matter, • 
such high-quality clocks in TV sets would make them very "expen- 
sive. So as an alternative there; is a rather cheap clo'ck^hich must 
be reset with a "synchronizatton pulse," every 63 microseconds, to 
keep the clocks run;ning together. 

THE QyALITY OF FREQUENCY AND TIME INFORMATION 

^ There *is at present no ott^er physical quantity that can be 
measured as^ precisely a^ frequency. Frequency can be measured ' 
witfi a precision smaller than ;One part in one hundred thousand 
^ billion. Since time interval is the sum total of -the periods of many 

• yibratipns in the resonator in a clock, it too pan -be measdced with . 
very great precision. Because 6i these unique qualities bf fre- 
.quency and time among all other physical quantities, the-precision 

. — and accuracy — of any, , kind .ot^ measurement can be greatly 
-improved.^f ,jt can be related, jii. some way to frequency an.d time. 

We have already seen an example "of iKis fact in the operation 
of j}avigation "systems in whfch time ■ is converted to distance. 
Today considerable effort is being devm;ed to translating measure- 

• fnent of othei^ quantities — such as length, speed, temperature, mag- 
netic field, and voltage — into a frequency mqas'^^llent. For exam- 
ple, in one device frequency is related to voltage by the "Jos^phson 
effect," named, for its discoverer Brian Joseph^pn, at the time a 
British graduate student at.Oxford, Who ghared ^ 1973 Nobel prize 
for t\ie discovery. A device called al "Josephson junction,-" which 
operates at. very low temperatures, can convert a microwave fre-' 
quency to. a^ voltage. -Since frequency cian be measured. With high 

/Accuracy, the vol^^ge. produced by the^Josephson junction 'is known 
\ with high accuraf^'^ttT^'errbr is only about two parts i^ lOO'^mil- , 
"^lion. Thi's^feequency then serves ^s a re'fei:ence for voltage. . 
, \ A related- application of this fact is that we may have,^sorne- 
'day) a .device that can serve as a standard for both length and 
Mule. As we hav^'seen, the standard sgcbnd. is based upon a reson- 
y\ant frequency of the cesiuni alom. The. internationally agreed-upon 
^ standard of leiigth is no tonger based upon a platinum bar, but 
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upon a w'avelength of light from the element krypton. The meter is- 
defined as 1^650,763:73 wavelengths of an^ orange-red light emis- 
sion, that corresponds to a very high frequency— about 50 million 
tim'es greater than the cesium atom's frequency-^which canaot at 
the present time be r^asured directly. But coixsiderable work is in 
progress to establish a link coimecting the' microwave frequencies 
that define time to the optical frequencies that define length. ' - ' 




With such a link, either standa^ could b^e used to define both* 
a length and a tim^intervah That is, we A^ould have established a 
technique for m^a^ring both the wavelength' and frequency, of the 
same radiation. Whether such a standard v^ould be derived from 
signals in the microwave region or at higher frequendek in the . 
optical region, remains, to, be seen. Ultimately,, the decision willV' 
depend on which apprqalch leads to a single standard that ilbest in * 
ateolute accur^cy for bo^ frequency and length, ^ ' 

In ttis'and the previous chapters Twe •ha v« been able to men- 
tion only^a fewof the naany^associations 6etw<^n science and^teph- 
noldSsjKJn the orie^'hand, and time'on the other.; It is clear, however, 
that the progress and advancement of science, technology, and 
timekeeping are intimately bound t(>gether, and at thnjli^ it is^not 
even possible "^o make a clear ^distinction' between cause fajid ^iffect 
invthe advancement of any one of the three. For the most part we 
have attempted to emphasize those aspects o^ the ''development of 
science, technology, and timekeeping^ that are.clearly established or"*' 
at least well do\Cn the road toward development. In the next and ^ 
final , chapter^ we shall explore the generation, the dissemination,' 
and the uses'of time that li^moje in the future than in -the present 
—Which, of course, means4:hat w^ shall be dealing more vidth spec^, 
ulations than with certainties.' ' ■ • 'C' 
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We have called Time ''the gfeat brg^niz^]:." In a world that is 
rapidly depleting its known, iiatural ftesources, it is mandatory that 
we utilize efficiently the resource^ -we have^^pentral to efficient use 
are planning, inforjnation gathering, orgknjising, and monitoring. 
The support of these activities ^ill make great 'deiyiands on time 
and fre^udncy^echnolo^. , ' ^ ' 



^ USING TIME TO 1NCI\EASE SPACE a, 

We can think. of time,and frequency technology as i^ayiding a 
giant grid within, which we can file, keep track o/, anas retrieve 
information .concerning the" flow of Energy aMd materials. The 
higher, the level of oiir time and frequency technalogy, the mbte we 

pack i^to the cdls- our^grid. Improving tiihe 'and frequency 
technology means 'tli«^t the' walls separating the cells *wit)iin the 
grid can be' made thinner, thus pi^oyiding more spacious cells. And 
at the .§ame time we can identify mpre^ rapidly the location' of any 
cell within the system> To explore this theme We ^shall once again 
use tr^nsppi^tion and Qon^munication as examples. . , - 

As a safety measure, airplanes are surrounded by a yblume^of^ 
space, into which oiher planes ^re forbidden tb fly. As the speed of 
the plane increases, .the volum'e of this space increases proportion- 
ately, in much the sajrne.way that'ja driver of a car alnjost automat-" 
ically leaves a larger spa)Ce' between hiihsQlf .and other cars, on the 
highway .as he Increases Jiis speed. Over, the years, the average 
speed and the num^ir planes in the air^haVe increased . dramati- 
cally, to the point tH^ there are severe problems in maintaining 
safety in high-traffic areas* - . * ' ' ^ • . ^ 
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We have two cKo'ices: Either limit air traffic or in^ljitute better 
air traffic control measures— which, in' effect, means 'mlucing; the 
size of the protective space arofind each plane. At,^present new" sys- 
tems are being expbred that' will allow greater airplane density 
without diminishiiigsdlfety. * \ 
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t)ne possible system for collision avoidance relies upon the 
exchange of pulsed radio sigTials between^ planes. Participating 
planes carry Synchronized clocks that ''time" the transmission Sf 
the. pulses. For example, plane A" might transmit a pulse arriving 
5 microseconds later at plane B. As we know,' radio^ signals travel . 
at about 300 meters in ope microsecond; so-plarfes A and B are 
separated by about 150 meters^ This system puts a severe require- 
ment on n^firi-taining interplane synchronization, since each nano- 
second of clock synchrpiiization error translates into one foot of 
interplane error, "Btit with better, more reliable time and frequency ' 

' technology, the safety factor can he improved'. ^ ' 

In Chapter 11 we saw that high message-rate communication 
systems . reJy heavily . on time and .frequency technology sV that 
messages can ^be both^directed to and received at:the correct desti- 
nation. Many of<vShese messages travel in the fo^m of broadcast 
radio signals, with different kinds^T)f radio ''message traffic"' being 
.assigned to differ*ent parts of ihe radio frequency Spectrum. , 

Just as a protective space. is maintained aroundpiairplanes, a 

• protective frequency gap is maintained between rsfdio. cft^JHi^s. 

". And further, just as air space is limited, so is iadio "space." We^ 
cannot use the same^iece of i:adio space for two. different purposes 
at the same time. • 

To get the best use from ^lie radio space, we would like to 
p^ck as much information as possible into each channel, and we. 

' \|ould like the protective frequency gap between channels^ to be as 
small as possible. Better frequency information means that \ve can 
narr6\3;,tixa gap between channels, since thei-e is reduced' likelihood 
of signals assigned to one radio channel drifting over into another. 
Better time nnd frequency information together contribute to the 
possibility of packing more, almost error-free, information into 
each channel by employing intricate coding schemes. 
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The transportation arid communication examples we have^ 
cited can work no better than the underlying tecHnololry that sup- 
por H^ them, ^e may be able to gen^ate high-rate messages aijd 
build high-§peed airplanes by the hundreds, but, we cannot launch 
them into the ''air'' unless we can assure that they will arrive reli- 
ably a:nd safely iat tjieir appointed destinations. " 

*In the past the world has operated as though^it had almoi^ 
infinite, air' space, infinite radio space, infinite energy^ an^ raw 
materials.. We are .now rapidly approaching the- point when the\ 
^ infinite-resour^ approximations are no longer valid, and our al)il- 
ity. to plan and^ prganize will be heavily strained. It is 'here, no 
doubt, that tin\e and frequency technolog^cjicill be one of nian's 
mostvaluable and useful tools, . • . * 

TIME AND FREQUENCY INFORMATION— VVHOLESALE- AND ' 
RETAIL _ . 

The quality of time and frequency information depends ulti- 
mately upon -two things— the quality of the clocks that -generate 
•the information, and the fidelity of the information channeliii that 
disseminate th^ information. ,There isvnot mucH point in buildiin^ , 
better clocks if the face of the clock i^cov^red by a muddy 'g^ss.- 
In a'sense, we might think of .the world's standards labs as the ' 
wholesaJ^rs of time, and the world's stamjard.timp and frequency 
broadcast .stations as *the primary distribution channels to the • 
users of time at the retail level. Let's explore the possibility of 
better: dissemination'systems for the future. ' \ ;^ 

Time. Dissemination - 

At present the distribution of time and frequency information 
is a mixed, bag. We have broadcasts such as WWV, dedicated pri- 
marily to jj^i^rainating time and frequency inf ormatic^n and we 
.have navigation signals su^ih as Loran-C, vimicH indirectly provide ; 
' hrgfi-quality time information '^because the system itself cannot 
work withqut it. The advantage of sJ broadcast such as WWV is 
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that the time information is in a form that is optimizW f or the 
users. The sfgjial contains tipie ticks and voice annouric^ents of • 
V. ^ readily usable form? of information', tThe fo-rmats-of navi- 

/ gation signals, on the other hand, are optimized , for the purposes . 
of navigation, and time information is in a somev^hat buried form, * 
not so easily used. 

From the viewpoint of efficient use of the radio spectrum, we 
v^ould like to have one signai #erve as many uses as possible. But 
such a multi-purpose signal puts ' greater demands on the user. He 
must extract from the signal only that information of interest to 
him, and then translate it into a form that Serves his-^putpose, 

, In the/ past, the philosophy has generally been to broadcast 
inforrfiation in a form that closely approximates the users* needs, 
..so that processing at the users' end is minimized. This means that 
the receiving equipnient can be relatively simple, and therefore- 
inexpensive. But such an approach is wasteful of the, radio spec- 
trum, which is a limited resource. Today, with jthe development of 
transistors, large-scale integrated circuits, and. mini andPmicro 
computers, comjplicated equipment .of great sophistication can be 
built at a modest cost. This development opens the doof to using. 
• i:adio space more efficiently, since the user can now afford the 
equipment required to e:xtract and mold information to his own 
needs.' 

We see that we have a trade-off between receiver complexity 
.and efficient use of the rac^^spectrum. But there is another aspect 
of efficient use that we ne^d to explore. The information content 
itself, of^a time information broadcast, is very low compared to 
most kinds of signals because the Signal is so very predictable. A 
user is not surprised to hear that the time i^ 12 9iinutes after the 
houig5when he has just heard a miiihte before tifat the time \vas 11 
minutes after the hour. Furthermore, it ^/ import^ant that all 
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stai^darcj tinrve and frequency stations broadcast tlie same .informa- 
tion; we don't want different stations broadcasting different time 



scales,- and causihg confusion.<r In fact;^ the. nations of the world 
take great pains: to see that all stations do broadcast the same time 
as nearly as ' possible. But from/^n information standpoint , the 
broadcasts are highly redundant. ^ ' -i ^sh- 

This redundancy also , creeps in, in another way. We don't 
always readily recognize that there- is a good deal of redundant 
time information in, say, a broadcast fr^m WWV and from a 
I^ran-C station, because the formats of the -signals are sa vastly 
different. This redundancy, of course, Js not accidental, but inten- 
tional — so that, among other reasons, time information can be 
extracted from Loran-C signals. There are many trther examples of 
systems that carry their own time information in a buried form. 
.We have seen this ill the operation of television, where a part. of 
the TV signal keeps the picture in the honle receiver synchronized 
with the scene being scanned by the studio TVcamera. 

We might ask whether it is necessary to broadcast, in effect, 
the same tinoe information over and over in sp many different sys- 
tems. Why not have one time signal serve as a time reference for 
all other systems? Well, there could be advantages in such a plan. 
But suppose that one universal time and frequency utility serves 
.all, and it momentarily fails. Then all/other dependent '^systenik^ 
may be in trouble unless they have some backup system. 

There is no easy answer to the question of universal time and 
frequency utility versus many redundant systems. The former is 
- obviously more efficient for radio spectrum space, at the possible 
costs ^of escalating failure if the systems falter; whereas the latter 
is wasteful of radio spectrum space, but it insures greater reliabil- 
ity of dpersLpon. ' 

For the immediate 'future, satellites offer the promise of a^ 
ya^My improved time signal of the type now offered by WWV. A 
-^tellite broadcast could include the same information, now pro- 
vided by .WWV— voice announcements of the time, time ticks, 
standard audio tones, and so forth. And the satellite broadcasts 
would be enormously superior in terms of accuracy and. reliability. 
A satellite time signal' is "not subject to the same degree of path 
delay variation and signal fading that limits shortwave time 
broadcasts; we could anticipate a thousand-fold increase in accu- 
racy of reception and practically n,o loss, of signal except pei'haps 
for malfunctions of the satellite. . ^ 

At Ihe present time a radio frequency near 400 MHz has been , 
reserved by international agreismentTfor the broadcast of a satellite 
time signal, and. considerable' effort is being made by various 
^national .standards labs for the establishment of satellite service. 
Perhaps in the not-too-distant future ^e can once again look to the 
sky for time information, as we did in earlier days when we looked 
to the sun as our standard. 

Clocks in.tKe Future — The Atom's Inner Metronome r , 

If we reflect for a moment on the history of the development 
of 'cfocks, we notice a familiar pattern. First, some new approach 
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such as the pendulum — or in more recent times the atomic resona- 
tor — is introduced. Because of the intrinsio qualities of the.nei^; 
resonator, a big step forward iresults. But no resonator is perfeet^ii 
There is always $ome problem to be overcome, whether it is com^ ' 
pensating for yarialions.in the length of the pendulum caused by 
temperature fluctuations or reducing frequency perturbations 
caused by colli$ions in atomic resongjtprs. As each difficulty is sys- ^ - 
tematically removed, further progress is -gained only with greater 
and greater effort — we have r^^ed a point of diminishing- 
returns. Finely we reach a plateau,'%nd a "leap forward" requires 
some radical new approach. But this by no means indicates that 
we are, in a position to abandon the past virhen a new innovation » 
comes along. Usually the new rests on the oid: The atomic clock of > 
today incorporates the quartz-crystal oscillator of yesterday, and it/ 
may be that tomorrow's clock will incorporate some version^fj 
today's atomic clock. 

Our ability to build and improve clocks rests ultimately on our 
understanding of the laws of nature. Nature seems to operate on 
four basic forces. The earth-sun clock depends upon the force of 
gravity described within the framework of gravitational theory. . 
The electrons in the atomic clock ar€ under the influence of electric 
and magnetic forces, which are the subject of electromagnetic 
4:heor J-. These t'vv'^o forces formed tlfe basis of classical physics. 

Modern physics recognizes that there are other kinds, of forces 
in nature. A complete understanding of the decay 'of radioactive 
elements into otjtier elementg requires the introduction of the so- 
called "weak force." We ericduhteped this force when we employed 
radioactive dating to determine the ^age of rocks and 4)f ancient 
organic material. The fourth and final force, according to qu^- pres- 
ent^nderstanding, is the >!^'Zear force, the force that holds the 
nucleus of the atom together. Many scientists suspect that the four' 
forces are not independent— that there may be some underlying 
connection, particularly between electromagnetic and weak forces, 
which will someday yield to a more powerful, universal theory. 
The technology of time and frequency will no doubt play an impor- 
tant part in unearthing new data required for the construction of 
such a theory. At the same time, the science of keeping time will 
benefit from this new, deeper insight into nature. • 

A technique that both gives insight into, nature and, points to 
possible new ways of building even better clocks is based upon a 
remarkable discovery, in. 1958.' by the German phVsv^ist, R. L. 
Mossbauer, wh^) later received a Nobel Prize for his work. Moss- 
bauer discovered that under certain conditions the nucleus of an 
atom emits- radiation with extreme frequency stability. The emis^ 
sions are called gamma raya, and they are a high-ener^ form of 
electromagnetic wave, just as light is a lower energy form of elec- 
tromagnetism. - ' • . 

The Q of these gamma ray emissions is over 10 billion, com- 
pared .to 10 million for the cesium oscillator described in Chapter 
5; These high-Q emissions have iJfermitted scientists to^ check • 
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• directly the prediction of Einsteih — that photons of light ax 
ject*to gravitational forces, even though they have no mass, 
encountered this effect v^hen we discussed the .operation of.vclo 
located near black holes.) 

A photon falling toward the earth gains energy just as a fall- 

^ing rock gains- kinetic energy with increasing speed, however, a 
photon cannofeilicrease'its speed, since it is already moving with 

..the speed of light— the highest speed possible, according-' to relativ- 
ity. To. gain energy the photon must increase its frequency beca^use 
light energy is proportional to frequency. Using high-Q gamma 
rays,- scientists have verified Einstein's prediction, even though the 
distance the photons traveled was less than 30 meters. * 

. In Chapter 5 we stated that as we go to higher and- higher 
emission . frequencies produced by electrons jumping- between 
orbits, the time for spontaneous emission— or natural life time- 
gets smaller and that it might eventually/ get so small that it would 
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be difficult to builq^ device to measure th'e^cfidiation. The high-Q 
gamma rays are not^roduced by jumping electrons travehng in 
orbits around the nucleus of the atom. They come from ^e nucleus 
of the atom' itself. The situation is similar, to the radwition pro-* 
duced by jumping electrons in the sense that, the nuflp^^^of the 
atom undergoes an internal re^-rangement, releasing/^mma rays 
^ in the process. But the natural'lifetime of these, nupfear emissions 
is much longer than the equivalent atomic .emissioi^ at the same 
frequency. This suggests that nuclear radiations mayTs^ candidates 
for good frequency-standards. \ 

But there are two very difficult problems to overcom^e. First,* 
as we stated in our discussion of the possible combined time-and- 
length standard, we are just now approaching the point when we 
can. connect microwave frequencies to optical frequencies; -and the. 
ability to make^ a gpmree^ion to gamma-ray frequencies— some 100 
thousand to 20 milnon tim?^higher in frequency than light — is not 
close at hand. Second, we,mfest find j^ome way to produce gamnfer 
ray signals inefficient* strength and purity to serve as the basij?. 
for a resonant yjevice. We cannot be certain at this tiihe that such 
a gafnma-ray resonator will form-tfae basis for some new djefinition 
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of the second, but the^discussion does point out that there are new 
^ avenues to be explored and that the possibility still exists for 

improving the Q of clocks* v ^ * 

PARTICLES FASTER THAN UGHT--AN ASIDE • 

' * , ' • ' ~^ ' " . ' 

< '* • We have touched upon the four basic forces in nature, and - 
upon tfie theories associated v^ii;h these forces. Relativity theory 
says that no object can be. made to travel, faster than the speed of 
SI light. Each- small gain in the speed of an object requires greater 
- energy input until, at the. speed of light, the energy input is 
infinite. " ^ ^ ' ^ . ^ * 

But. what about the possibility of particle^ that are already 
traveling aj^ speeds greater than the jspeed -of light? . These particles 
were not pushed acrosp the speed-tyfirlight barrier; they have always' 
been on the other %ide. Such particles have been named tachyons, 
and — if they exist — they must have some remarkable properties if \ 
they are to conform to m^n's present conception of the laws of 
nature. For example,. tachyons g^n'in speed as they lose energy. 
Tachyons at rest have an "imaginary" mass — ^thaflis aamass which 
i^^niultiplied by^~l. Th6. symbol V-1 is well known to mat^ 
maticians and can easily bQ manipulated, but it do^s no^ correspond 
5Pecp to sonielhing that can be measured. This does not present a phroblem 
^ ^for tachyons, since they are fl^er at^rest and so there is no ima^- 

nary mass to me^sure.f . ^ ' . ; , v ^ ^ 

^ ^ But what does all of .this have- to do with time? When tach- 

yons were first.' discussed, they seemed to violate— or observers 
moving in a certain range of speed less than the ^peed^'of light- 
two cornerstones of phj^sics: The law of causality— which says 
' ^hat cause always precedes effect (a timelike idea)— and Wie idea 
i ^ that something cannot be created out of nothing. -.{A 

, , X ' Su#pose we have two atoms, A and B. For obsei-verg moving 
• in a critical range of speeds^^ it appear^ as though atom B aljsorbs a 

negative-energy tachyori before- it is'emitted b^ atom A— a clear 
yiolati(Mi of causality. . \ - .J^ . : " 

• The rreg;ative^nei^J:achyon, suggests that"we can create par- 
ticles out of nothing^^^ojospe^^ A cardir}Ul:i7tile.of phjjsi^^ 
mass/energy is con^rvedTS^ systen\ with riet^^rb mass/i^f^" 
must alway;^ have net zero mass/energy. Bi^t with negative-aiergjr/ 
■jparticles we can create energy but of nothing and not violate con-, 
^eryation of energy. For jeach new positive energy particle we 
^preate, we also create its negative -energy cousin^ so that, on bal- 
ance, the^pet energy is zero. . _ - ^ 

Happily, a way out of this ^eemij^g dfilerrtma was ^tlnd/L^!s - 
supposQ that for those?observer§ iriovhH^ in the critical speed range 
. we interpret the observations' differ^By: We py that instead of 
' seeing a n^egative-energy tachyi)n being absorbed by atoiln B before 
being emitted by atoni A, they s^ instead a positiye/^nergf^tack- 
\;^yon being emitted by B ^ind then absorbed by A. ^ ' 

; Tl\e search is. now ^on |or tachyons, but toViate there-is w con- 
crete evidence that they iexist. Foy the present, the best ^jcan say 




is.that tachyons are the product of enlightened scientific ma^na- 
tion. / • 1 . 



TIMESCAteS OF THE FUTURE i ^ 

The history of timekeeping has' beeii the search for systems 
that keep time with greater aiiaN^reater uniformity. A point was * 
eventually feached wifch^the development of .atomic clocks where 
time generated 'by these devices was moTe uniform than that gen- 
erated by the movement of the eartlTaround its own axis a^-^ 
'around the sun.^As we have seen, celestial navigation and agricul^ 
ture depend for their timekeeping requirements upon ^the ^ngle ^ 
and the position of the earth with respect to the suiSBut commu- 
nication systems are not . concetned about the position of the sun 
in the sky. For them, uniform time is the requirement. - ' 

As we have pointed out, our present system foAljeepixi^ time 
— UTC — is a compromise between these tw;o points of view. But ' 
we seem to be moving in the dii'ection of wanting uniform time 
more than^€j^ant suri-earth time. Even navigators are depending 
more and more on^electronic navigation systems. The neeQ forihe 

' leap second may be* severefy Challenged at sortie future date. Per- 
haps we shouldjefthe difference between earth time and atomic 

time accumal^fte, and* make corrections only every 100 years or 

perhaps every 1000 years. After all, we make adjustments of Wen 
gre^tef- magnitude twice e^ry jft^r, switching back and forth 

-i:^Btween standard and daylight-saving time. But before we con- ^ 
clud&thaf p(ire at<)mic timej3jus the icTrner, we can look 

/back to other attempts to change time and be assure^ that no r^v^- ' 
luf ions are likely. " ^ . ^ ' v ' \\ \ 

^ ^ , \ - ;■ ■ .-V* ■ 

The Question of Labeling^A Secofid fs a Second Js a Second ' ^ v 

\ More and more of^ the woHd is going to ^ measurement 
^stem bas^d upon 10 and powers of 10.' For example j[00 centime- 
tei^s equal, ^ meter^i^- 1000' meters eqiiaP^ kilometer. But. what 
about a sxs^tem whefe 100 seconds equal an hour, 10 hours equal 
one day, and sp forth? Snbifnits of, the second ajre alretdy calcu- 
lated x)ii tjte ^j^mal systeifi, with.^n^^^^ and 



microseconds (0,000 000 1 second), for example. In the other direc- 
tion we* might have the ^'deciday" — one deciday equals 2.4 hours; 
the "centiday" — 14 minutes and 24 seconds; and the ''milliday" — 
86,4 seconds. 



The ide\^^^he decimalized clock is not ilew. In fact, it' was 
introduced into France in '179^^, and, as we' might imagine, was 
met with anything but .Overwhelming acceptance. The reform 
lasted less than one year."" ' ^ • 

Will we someday have decimal time? Possibly. But the answer 
tO'this question is more in the realm of politics and psychology — ^as 
well as economics^ — than in technology. ^ 



Time Through the Ages 

Reality .is flux and change.' 



Tirn^it, involves measure and 
order. 

■f 

Time and space are abso- 
lute and separate. 



Time and space dre relative'. 



**YoML cannot step twice into the 
same river, for fres^kuater^ are 
ever flouring ^in u'Ddggj^'fi/^ 
Heraclitus 5SB-^l 



TimeWthe ''numerical aspect of 
motion vnth respect to its suc- 
cessive parts" . 
Aristotle 384-322 B.C. 
''Absolute, true and mathematical 
time, itstlf and from its own 
nature, flows without relation to 
anything external," 
Newton 1642-1727 

"There is no absolute relation in 
spa^e, and no absolute relation in 
time between - two events, but 
there is an absolute ration in 
spach and time . . 
Einstein 1879-1955 ^ 



WHAT IS TIME-^REALLY? A 

We have seen that there ^re, almost as, many conceptions of 
time as there are people who think about it. But what is time — •* 

- really? Einstein pondered this problem when he considered New- 
ton's statements about absolute space and absolute time. The idea 
of speed — so. many* miles" or kilometers per hour— inc<?r{)prates , 
both space-7-distance-^and time. If there is absolute sgpce' and 

• absolute time, is there then absolute speed — with respect to noth- 
ing? We know what it means to say that an a^mobile is moving 
at 80 kilometers per hour witti respect to the ground ; the ground' 
prpvides a frame of reference. But how can' we measure speeki 
with respect to nothing? Yet Nev^n was impjying just, this sort 
of thing whfenjie spoke of absolute space and time. ' ^ : . ^ 
ijinstein recognized this difficulty. Space and time are mean- 
ingful only in terms of som^ frame of reference such*ag that -pro- 
vided by measuring stkkSand clocks, not by empty space. Without 
suc|i fi^ames of refe|mce, time and space are mea^hingless /concepts.' 
To avoid meaninglefe^Voncepts; scienti&ts^try to define their basi9 



concepts in terms of operations. -That is, what we think about tme 
is less important to defining it than how we measure 'it. The opera- 
tion may be an experimental measuremerit?t)r it may be a statement^ 
to the effect that if we want to know how long a second is, we 
build a machine that adds up so ma,ny Tperiods of a certain viJDra- 
tion of the,cesii|m atom. 

^ For scientists, at least, this operational approach to- definiticins 
avoids a good deal of confusion and misunderstanding. Bi^ if his- 
tory is^our guide, the last word is not yet in. And eVen ifut were, 
time may still be beyond our firm grasp. In the words of J.:,B. S. 
Haldane— 




"The universe is not oriLy qu^ere^r than we imagine, , 
• but it is queerer than we can imagine" 'I 
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■ 72 ■ . ' ' .. — 

"CP" invariance, 1^4 . \, ^ 

Crown wheel, 26 > 



Date, 14, 94-95, 108, 151 ; definition, 5 
Date line,' 93-94 . . 
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Gamma-ray resonator) 165 ' 
Gamma rays, 164 . ^ 

"G'' constant, 130 : ... , 

Geodesy, 5 • : ' ' 

Geological time, 7, 154 \ . . 
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tnaser^ 4/*;- ra3ar, • 145; rubidiiim , atom, 46; 
'-satellite, :i(T6^; stellar, 137*': /; 
R^dio spectrutn, 42, 43 - 
Radio-Star- sign^ls,^ 141 , ' ^ 

^ Radio teleScopes, 140'', ' , * 

:. Radio 4im§- signals, 72-74;. accuracy,-74-?S; oton- ^ 
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. South' Pole, 19 ' 

• Space travel, 125-126 ^ 
Speed and. direction,. 11(^118-121 ' 
Stabiiity, 35^ 36 ' . ^ 
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